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EXECUTIVE SUMMARY 
Es t imat ing  t h e  energy requirements o f  t h e  SPS i s  an exerc ise  i n  what has come t o  
be c a l l e d  energy a n a l y s i s  o r  energy modeling. Single-valued f i g u r e s  o f  m e r i t  
e.$, n e t  energy r a t i o s ,  a re  o f  l i m i t e d  value w i t h o u t  a d e t a i l e d  t reatment  o f  
t h e  amount and types o f  component energies requ i red .  The major methodologies 
are :  process ana lys is ;  inpu t -ou tpu t  ana lys is ;  eco-energet ics;  and "hybr id "  pro-  
cess and input -ou tpu t  a n a l y s i s  which i s  the  i n d i c a t e d  choice f o r  t h e  SPS. 
methodology se lected f o r  t h e  SPS should permi t  s t r a i g h t f o r w a r d  comparison t o  
o t h e r  energy technologies.  
and l e g i s l a t i v e  issue, desp i te  the lack o f  consensus on methodology o r  p h i l o s o -  
p h i c a l  v a l i d i t y .  
The 
SPS energy requirements may be an impor tant  pub1 i c  
S i g n i f i c a n t l y ,  t h i s  i s  the  o n l y  resource area which has been 
, 
I 
Th is  study reveiws t h e  resource impacts o f  the  proposed s a t e l l i t e  power system 
(SPS). Three classes o f  resource impacts a re  considered separate ly :  c r i t i c a l  
m a t e r i a l s ,  energy and land use. 
c i a t e d  w i t h  the annual development o f  two f i v e - g i g a w a t t  s a t e l l i t e s  and t h e  asso- 
c i a t e d  r e c e i v i n g  f a c i l i t i e s .  
The ana lys is  focuses on the  requirements asso- 
CRITICAL MATERIALS 
A rev iew o f  SPS m a t e r i a l s  l i t e r a t u r e  revea ls  several  problems, i n c l u d i n g :  
a narrow d e f i n i t i o n  o f  t h e  universe o f  m a t e r i a l s  t o  be considered; (2 )  an absensc 
o f  c o n s i s t e n t  summarization; ( 3 )  inadequate d e f i n i t i o n  o f  m a t e r i a l s  w i t h  respect  
t o  p u r i t y ,  spec ia l  a p p l i c a t i o n s ,  o r  phys ica l  dimensions; and ( 4 )  no d i s t i n c t i o n  
between raw m a t e r i a l s  requirements and manufactur ing c a p a c i t y  needs. 
( 1 )  
A h i g h l y  s i m p l i f i e d  screening model i s  developed and a p p l i e d  t o  determine which 
of t h e  22 m a t e r i a l s  l i s t e d  f o r  the  SPS cou ld  pose p o t e n t i a l l y  s i g n i f i c a n t  supply 
problems. 
w i t h  bo th  s i l i c o n  and g a l l i u m  photocel l  a r r a y  opt ions,  t h e r e  were two i tems, mer. 
cury  and tungsten, which appear t o  pose such problems. Under the  g a l l i u m  o p t i o n  
two more mater ia ls ,  g a l l i u m  and s i l v e r ,  q u a l i f i e d  as p o t e n t i a l  o r  d e f i n i t e  prob- 
1 ems. Add i t iona l  manufactur ing capac i ty  may be a problem f o r :  hydrogen , syn- 
t h e t i c  sapphire, arsenic ,  and graphi te .  
A three-phase approach t o  c r i t i c a l  mater ia ls  e v a l u a t i o n  i s  proposed. 
phase i s  e x p l i c i t l y  a screening mode. 
u n c l a s s i f i a b l e  m a t e r i a l s  t o  necessary a d d i t i o n a l  pr imary research. The t h i r d  
phase i s  an in-depth e v a l u a t i o n  o f  the s u r v i v i n g  " c r i t i c a l "  m a t e r i a l s .  
ments f o r  i n i t i a l  screening inc lude:  
verse; b e t t e r  d e f i n i t i o n  o f  mater ia ls ;  a systemat ic approach i n v o l v i n g  both 
q u a n t i f i e d  and judgmental thresholds;  and s e n s i t i v i t y  ana lys is .  The in-depth 
e v a l u a t i o n  e f f o r t  should cover:  
c u r r e n t  and p r o j e c t e d  non-SPS demands and p o t e n t i a l  f o r  s u b s t i t u t i o n ;  p o t e n t i a l  
techno log ica l  change; and p r i c e  e l a s t i c i t y .  
The r e s u l t s  o f  t h i s  e x p l i c i t l y  i l l u s t r a t i v e  e f f o r t  i n d i c a t e d  t h a t  
The f i r s t  
The b r i e f  second phase subjects  i n i t i a l l :  
Requjre- 
expanded d e f i n i t i o n  o f  t h e  m a t e r i a l s  u n i -  
p r o j e c t i o n s  o f  supply and reserves; ana lys is  o f  
More r e f i n e d  est imates of m a t e r i a l s  requirements a r e  n o t  needed i n  the  i n i t i a l  
screening s t a t e  e s p e c i a l l y  i f  u n c e r t a i n t y  to lerances a r e  given. B e t t e r  d e f i n i -  
t i o n  i s  probably more impor tant .  
ENERGY ANALYSIS 
V 
EXECUTIVE SUMMARY 
(Con t i  nued ) 
s tud ied  by experts unre la ted  t o  t h e  SPS design-evaluat ion e f f o r t .  
The e a r l i e s t  o f  th ree  publ ished s tud ies  of SPS energy requirements (PRC) i s  base( 
s o l e l y  on input-output  ana lys is  and demonstrates t h e  problems i n  us ing  broad ly  
defined economic sectors .  The two o t h e r  s tud ies  (Herendeen and JPL) r e l y  heavi l :  
on energy- in tens i  t y  est imates,  though o f  r a t h e r  d i f f e r e n t  types. 
f o r  i n d i r e c t  energies i s  acknowledged t o  be a s i g n i f i c a n t  problem. This  l i t e r a -  
t u r e  review p o i n t s  up f o u r  impor tant  issues:  
the  SPS program i n  which, though each i n d i v i d u a l  p l a n t  has a h i g h  p o s i t i v e  ener-  
gy r a t i o ,  high i n i t i a l  energy requirements c r e a t e  a p r o t r a c t e d  energy d r a i n  dur -  
i n g  the  i n i t i a l  years o f  operat ion;  (2 )  f o r  t h e  SPS t h e  " fue l - inc luded"  energy 
r a t i o  and the " fuel-excluded" r a t i o s  a r e  t h e  same, w h i l e  f o r  a l l  f u e l  technolo-  
g ies  the  fue l - inc luded energy r a t i o  i s  always l e s s  than 1; ( 3 )  t h e  j o i n t  problem 
of u n c e r t a i n t i e s  i n  e n e r g y - i n t e n s i t y  est imates and i n  SPS performance est imates;  
and ( 4 )  the  need t o  t r a n s l a t e  t a r g e t  c o s t  reduc t ions  i n  d o l l a r  terms f o r  key SPS 
components i n t o  p r o j e c t e d  energy cos t  reduc t ions .  
Accounting 
(1 )  the  "dynamic" consequences Of  
D e t a i l e d  pr imary process a n a l y s i s  i s  recommended f o r  e labora te  and/or h i g h  tech-  
nology elements of the  program, e.g:, s o l a r  c e l l  f a b r i c a t i o n .  
m a t e r i a l  e n e r g y - i n t e n s i t i e s  o r  s p e c i f i c  energy data i s  recorrunended when t h e  pro-  
cess analys is  has progressed t o  t h e  p o i n t  where f u r t h e r  a n a l y s i s  r e l a t e s  t o  
homogenecus m a t e r i a l s  and w e l l  s tud ied  processes. 
w i t h  respect t o  t h e  t reatment  o f  u n c e r t a i n t i e s ,  t h e  modu lar iza t ion  of t h e  energy 
ana lys is ,  and the  i n t e g r a t i o n  o f  c r i t i c a l  m a t e r i a l s  and energy analyses. 
Use o f  publ ished 
Pol i c y  dec is ions  a r e  needed 
LAND USE 
The pr imary impact o f  SPS operat ions on l a n d  use w i l l  be t h e  massive l a n d  r e q u i -  
rements f o r  60 rectenna s i t e s .  Each s i t e  w i l l  r e q u i r e  approximately 200 kin2 (80 
square mi les) .  Th is  est imate inc ludes a microwave b u f f e r  zone f o r  which no def- 
i n i t i v e  s i z e  has been es tab l i shed.  
tennas w i l l  use b u t  where they can be l o c a t e d  s ince  t h e r e  a r e  so many c o n s t r a i n t  
on the  s i t i n g  o f  rectennas. 
The major problem i s  n o t  how much l a n d  r e c -  
S i t i n g  s tud ies t o  date apply  a s e t  o f  c r i t e r i a  i n  a cons t ra ined mapping exerc ise  
t o  i d e n t i f y  s p e c i f i c  candidate l o c a t i o n s .  A sharp ly  c o n t r a s t i n g  approach i s  use 
i n  t h i s  paper t o  i d e n t i f y  and measure " e l i g i b l e  areas" r a t h e r  than t o  l o c a t e  can 
d i d a t e  s i t e s .  I n  c o o r d i n a t i o n  w i t h  t h e  Rice U n i v e r s i t y  I n i t i a l  I d e n t i f i c a t i o n  
of E l i g i b l e  Areas study, computer mapping techniques are  used t o  d i s p l a y  and 
measure d i f f e r e n t  combinations o f  example e x c l u s i o n  c r i t e r i a .  Among those v a r i a -  
b l e s  which appear s i g n i f i c a n t l y  t o  l i m i t  t h e  e l i g i b l e  area are:  
g r a t o r y  w i lg fowl ,  land  i n  o r  s u i t a b l e  f o r  c u l t i v a t i o n ,  thunderstorms, l a t i t u d e  
n o r t h  of 40 , and seismic hazards. Comparing t h e  d i s t r i b u t i o n  o f  e l i g i b l e  areas 
t o  1985 power demand and energy impor ts  suggests t h a t  t h e  Nor th Centra l  and 
Northeast regions o f  t h e  U.S. w i l l  be s u b s t a n t i a l l y  underrepresented. Several 
key s i t i n g  issues i n  need of r e s o l u t i o n  i n c l u d e :  b e t t e r  data on microwave ef-  
fects ,  p o t e n t i a l  f o r  o f f s h o r e  s i t i n g ,  r i g i d i t y  of costs ,  severa l  c l i m a t o l o g i c a l  
issues, and the need f o r  some f u r t h e r  examinat ion of  t h e  p u r e l y  l o c a l  s i t i n g  
c r i t e r i a .  
f lyways of m i -  
v i  
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INTRODUCTION 
The U . S .  Department o f  Energy and the  Nat ional  Aeronaut ics and Space Adminis- 
t r a t i o n  a r e  i n v e s t i g a t i n g  a p o t e n t i a l  new source o f  energy c a l l e d  t h e  S a t e l l i t e  
Power System (SPS). The SPS concept invo lves  p l a c i n g  a s a t e l l i t e  equipped w i t h  
a l a r g e  s o l a r  c e l l  a r ray  i n  o r b i t  around t h e  ear th .  The a r r a y s  c o l l e c t  l i g h t  
energy from t h e  sun, conver t  i t  t o  e l e c t r i c i t y  and then t o  microwaves, beam t h e  
microwaves by a t r a n s m i t t i n g  antenna on the s a t e l l i t e  t o  a r e c e i v i n g  antenna 
on t h e  ground. The r e c e i v i n g  antenna (rectenna) changes t h e  microwaves back 
i n t o  e l e c t r i c i t y  t o  be f e d  d i r e c t l y  i n t o  t h e  u t i l i t y  network. 
l i t e  and t h e  rectenna are  on t h e  o r d e r  o f  109 km2 i n  s i z e  and t h e  system i s  
designed so t h a t  each rectenna w i l l  p rov ide 5,000 M W  ( 5  GW) t o  t h e  u t i l i t y  g r i d .  
Both t h e  s a t e l -  
I n e v i t a b l y ,  development o f  such a system w i l l  have fa r - reach ing  ef fects on soc i -  
e t y .  Th is  system can be expected t o  have s u b s t a n t i a l  resource impacts. The 
l a r g e  mass of the  s a t e l l i t e s  themselves (36,000-50,000 m e t r i c  tons) ,  t h e  l a r g e  
resource demands invo lved i n  launching the r e q u i r e d  m a t e r i a l s  i n t o  o r b i t  and 
assembling t h e  s a t e l l i t e ,  t h e  produc t ion  o f  s a t e l l i t e  components, e.g., s o l a r  
c e l l s ,  on a massive scale,  and t h e  subs tan t ia l  l a n d  and m a t e r i a l s  requirements 
of t h e  rectenna f a c i l i t y ,  w i l l  a l l  c o n t r i b u t e  t o  these resource impacts. Space 
launch p r o p e l l a n t  requirements, much o f  the f a b r i c a t i o n  e f f o r t ,  and many o f  t h e  
m a t e r i a l s  t o  be used a r e  h i g h l y  energy in tens ive .  Consequently development o f  
t h e  SPS w i l l  make s i g n i f i c a n t  demands on U.S. energy resources. 
The s u b j e c t  o f  t h i s  paper i s  t h e  resource impact o f  development o f  t h e  SPS. 
I n  t h i s  context ,  resources a r e  considered i n  t h r e e  ca tegor ies :  
i a l s ,  energy, and land. Not a l l  o f  t h e  m a t e r i a l s  r e q u i r e d  f o r  development o f  
t h e  SPS w i l l  be " c r i t i c a l . "  Notwithstanding the  massive demands o f  t h i s  pro- 
gram, some m a t e r i a l s  a r e  i n  s u f f i c i e n t l y  p l e n t i f u l  supply so t h a t  even t h e  SPS 
program w i l l  n o t  c rea te  shortages o r  product ion problems. The i d e n t i f i c a t i o n  
of which, among t h e  many SPS m a t e r i a l s  requirements, may be considered as 
" c r i t i c a l "  i s  i t s e l f  a major e f f o r t .  
The energy requirements o f  t h e  SPS need t o  be est imated and then r e l a t e d  t o  t h e  
energy o u t p u t  o f  t h e  SPS. Such "net  energy analys is ' '  i s  mandated by law and 
may, under c e r t a i n  circumstances, prov ide a use fu l  bas is  f o r  comparing t h e  
SPS t o  o t h e r  proposed power generat ion technologies.  
The l a n d  use requirements o f  t h e  SPS der ive  p r i m a r i l y  f rom t h e  need f o r  l a r g e  
l a n d  areas f o r  rectenna s i t e s .  
space launch f a c i l i t i e s  a r e  n o t  considered as p a r t  o f  t h i s  study. A t o t a l  o f  
60 s i t e s  f o r  5-GW rectennas cou ld  r e q u i r e  as much as 12,000 km2 (3 m i l l i o n  
acres)  o f  land  area. 
1 ems c rea ted  by extens ive microwave t ransmiss ion f u r t h e r  exacerbate t h e  prob- 
lem by l i m i t i n g  t h e  p o t e n t i a l  areas i n  which rectenna s i t e s  can be located.  
c r i t i c a l  mater- 
The modest a d d i t i o n a l  l a n d  requirements f o r  
The apparent topographic requirements and p o t e n t i a l  prob- 
ORGANIZATION OF THE REPORT 
Each o f  t h e  t h r e e  classes of resources considered i n  t h i s  paper ( c r i t i c a l  mater- 
i a l s ,  energy, and land)  i s  t r e a t e d  i n  a separate s e c t i o n  o f  t h i s  r e p o r t .  
some e x t e n t ,  these sect ions a r e  independent sub-reports.  
To 
For each o f  t h e  t h r e e  
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classes of resources, t h i s  white paper presents: 
including organization of the study e f fo r t ;  ( 2 )  a review of recent l i t e r a tu re  
on SPS impacts i n  the resource area considered; (3)  a recomnended approach to  
further systematic study of the problem; and ( 4 )  a l i s t  of references that  
apply specifically t o  the topic under study. 
(1 ) an introductory statement 
A t  the conclusion of the report a ser ies  of appendices are  provided containing 
detailed information not included i n  the main text .  
followed by limited se t  of general references which apply to  the SPS as a whole 
and which were used throughout the report. 
These appendices are 
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I. CRITICAL MATERIALS 
1-1. INTRODUCTION 
Background and General Purpose 
The s t a t e d  o b j e c t i v e  o f  t h i s  p a r t  o f  t h e  study was t o  survey and sumnarize s tudy 
e f f o r t s  t o  date which t r e a t  t h e  problem o f  SPS c r i t i c a l  m a t e r i a l s  and t o  i d e n t i -  
fy c u r r e n t  research needs. 
i d e n t i f i e d  t h r e e  tasks:  
c u r r e n t l y  e s t a b l i s h  a l i s t  o f  quest ions t h a t  must be answered t o  determine t h e  
s o c i e t a l  impact o f  t h e  SPS; and ( 3 )  determine where unanswered quest ions e x i s t  
To accomplish t h i s  study, t h e  Statement of Work 
(1 )  assemble and analyze r e l e v a n t  l i t e r a t u r e ;  (2 )  con- 
and suggest ar; approach to -answer ing  them. 
I n i t i a l  a n a l y s i s  of these tasks suggested t h a t  t h e r e  were f i v e  dimensions t o  
probl  em : 
1. Def in ing ( l i s t i n g )  t h e  un iverse  o f  m a t e r i a l s  t o  be evaluated. 
2. E s t a b l i s h i n g  t h e  approximate annual requirements o f  t h e  SPS program 
a sumnary form s u i t a b l e  f o r  comparison t o  pub1 ished data on product 
resources, and reserves. 
C o l l e c t i n g  o r  a t  l e a s t  e s t a b l i s h i n g  t h e  a v a i l a b i l i t y  o f  publ ished 
on product ion , resources , and reserves. 
E s t a b l i s h i n g ,  o r  d e f i n i n g  how t o  e s t a b l i s h ,  c r i t e r i a  f o r  determin 
which m a t e r i a l s  a r e  " c r i t i c a l " .  
I n d i c a t i n g  a procedure o r  approach t o  f u r t h e r  in-depth eva lua t ion  
c r i t i c a l  m a t e r i a l s .  
I n i t i a l l y ,  i t  was hoped t h a t  t h e  f i r s t  two elements descr ibed above, e.g., 
3 .  
4. 
5. 
t h e  
i n  
on , 
data 
o f  
d e f i n i n g -  t h e  universe o f  m a t e r i a l s  and e s t a b l i s h i n g  SPS q u a n t i t i e s ,  were a l ready  
done and cou ld  be abs t rac ted  from the  e x i s t i n g  1 i t e r a t u r e .  
cou ld  then be devoted t o  t h e  l a s t  t h r e e  items. 
Subsequent e f f o r t s  
-. R e d e f i n i t i o n  o f  Study Scope 
I n i t i a l  e f f o r % s  a t  assembling a l i s t  o f  candidate m a t e r i a l s  and approximate an- 
nual requirements were based on t h e  two separate space center  concepts presented 
i n  January 1978 (References S2 and S14). l  J u s t  as t h e  data assembly was com- 
p le ted ,  t h e  par t ia l l y -merged re fe rence concept f o r  t h e  SPS was presented by t h e  
two NASA centers  on J u l y  13 (Reference S15). 
i n d i c a t e d  t h a t  t h e r e  was a major p a r a l l e l  c r i t i c a l  m a t e r i a l s  e f f o r t  under way 
a t  P a c i f i c  Northwest Labora tor ies  of B a t t e l l e  Memorial I n s t i t u t e  (Reference 9) .2 
On t h e  c l i e n t ' s  i n s t r u c t i o n s ,  f u r t h e r  work on e s t a b l i s h i n g  t h e  m a t e r i a l s  u n i -  
verse and i n i t i a l  q u a n t i t f e s  was postponed pending r e s u l t s  from t h e  P a c i f i c  
Northwest Laborator ies (PNL) e f f o T t .  
S h o r t l y  therea f te r ,  t h e  c l i e n t  
References prefaced by an "S"  a re  general re ferences t o  t h e  SPS which a r e  
l i s t e d  a t  t h e  end o f  t h e  e n t i r e  repor t .  
Other re ferences,  i d e n t i f i e d  w i t h  numbers on ly ,  a r e  l i s t e d  a t  t h e  end of t h i s  
s e c t i o n .  
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Unfortunately,  meaningful data f rom PNL on the  SPS was n o t  for thcoming. 
became apparent by t h e  end o f  J u l y  t h a t  any at tempt  t o  r e f i n e  m a t e r i a l s  est imates 
i n  a form s u i t a b l e  f o r  processing by t h e  PNL computer model was c l e a r l y  pre- 
mature. The problems of approximat ion inherent  i n  i n d i v i d u a l  space center  
est imates o f  t h e  re fe rence concept f o r  SPS were compounded i n  t h e  merged concept 
presented on J u l y  13. Subsequent d iscuss ion  w i t h  PNL, Johnson Space Center, and 
the  c l i e n t  i n d i c a t e d  t h a t  more r e f i n e d  est imates would n o t  be a v a i l a b l e  w i t h i n  
t h e  t ime frame es tab l i shed f o r  t h e  w h i t e  paper. 
AS a r e s u l t  of t h i s  development, t h e  w h i t e  paper study e f f o r t  was redesigned t o  
become an i l l u s t r a t i v e  p ro to type o f  t h e  i n i t i a l  c r i t e r i a  screening process. 
pr imary purpose here i s  t o  focus on what i s  a general method o f  determin ing which 
SPS m a t e r i a l s  w i l l  be " c r i t i c a i "  and t o  i d e n t i f y ,  a t  l e a s t  h i g h l y  t e n t a t i v e l y ,  
some of  t h e  problems i n  c l a s s i f i c a t i o n .  
I t  
The 
Organizat ion o f  t h e  Report 
The balance o f  t h i s  s e c t i o n  o f  t h e  r e p o r t  i s  d i v i d e d  i n t o  eleven par ts .  
Sect ion 1-2 immediately f o l l o w i n g  t h i s  i n t r o d u c t i o n ,  the  o b j e c t i v e s  o f  t h e  r e -  
def ined study e f f o r t  a r e  presented. The method o f  approach and l i m i t i n g  assump- 
t i o n s  a r e  discussed i n  Sect ion 1-3. C u r r e n t l y  a v a i l a b l e  research on SPS mate- 
r i a l s  requirements i s  reviewed i n  Sect ion 1-4. 
I n  
A p ro to type m a t e r i a l s  c l a s s i f i c a t i o n  scheme i s  presented and summarized i n  
Sect ion 1-5, w h i l e  Sect ion 1-6 prov ides a rev iew o f  i n d i v i d u a l  component 
m a t e r i a l s .  
descr ibed i n  Sect ion 1-7. 
d iscuss the  th ree  phases o f  t h e  recommended approach. 
The concluding sec t ion  o f  t h e  r e p o r t  deals  w i t h  the  s e n s i t i v e  issue o f  t h e  need 
f o r  b e t t e r  m a t e r i a l s  est imates f o r  t h e  SPS. 
The general fea tures  o f  a three-phase approach t o  t h i s  problem a r e  
The f o l l o w i n g  t h r e e  sec t ions  (1-8, 1-9, and 1-10) 
1-2. OBJECTIVES OF THE REDEFINED STUDY 
I n  a d d i t i o n  t o  the  l i t e r a t u r e  rev iew summarized l a t e r  ir! t h i s  r e p o r t ,  t h e  p r i m a r j  
focus of t h e  study e f f o r t  was t o  develop a p r o t o t y p e  model. 
were es tab l i shed i n  t h e  development o f  t h i s  p r o t o t y p e  model : 
S ix  key o b j e c t i v e s  
1. A p r e l i m i n a r y  c l a s s i f i c a t i o n  o f  c r i t i c a l i t y .  
2. I d e n t i f i c a t i o n  o f  d e f i n i t i o n a l  problems. 
3. 
4. An i n i t i a l  e f f o r t  a t  segregat ing raw and b u l k  m a t e r i a l  cons idera t ions  
I d e n t i f i c a t i o n  o f  p a r t i c u l a r l y  s e n s i t i v e  da ta  problems. 
from cons idera t ions  o f  manufactur ing and process ing capac i ty .  
5. I d e n t i f i c a t i o n  and development of a p p r o p r i a t e  c r i t e r i a  f o r  d e f i n i n g ,  i n  
6. 
operat ional  terms , var ious  t e s t s  o f  " c r i t i c a l  i t y .  'I 
Development of a framework f o r  an expanded study. 
The development of a framework for expanded study encompasses several important 
elements. Perhaps the most important o f  these i s  to  expand the universe of 
materials considered t o  assure that  indirect materials requirements are  also 
considered. The need for  a staged approach t o  further stady i s  another key 
element, as i s  consideration of w h a t  t o  do with those materials t h a t  are 
c r i t i c a l .  
In the NASA briefing of July 1 3 ,  a l i s t  of annual materials requirements was 
provided for the SPS based on two five-gigawatt s a t e l l i t e s  per year. This l i s t  
showed materials needed for b o t h  silicon and gallium options. These options 
refer  t o  two al ternat ive designs o f  the solar (photovoltaic) cell  a r ray  t o  be 
constructed in space, one using sil icon as the primary element in the array and 
the other using gallium arsenide. The materials on these two l i s t s  comprise 
the materials universe t o  be considered in th i s  prototype exercise. 
Since the analysis i s  limited t o  the July 13 briefing l i s t ,  materials used d u r i n g  
the design, development, tes t ing,  and evaluation phase were excluded. 
more, no treatment was provided in th i s  l i s t  of secondary or te r t ia ry  requirement! 
In many cases the l i s t  was given in terms of the specific component elements 
rather than the bulk materials from which those elements are extracted. For 
the most p a r t  no attempt was made t o  estimate the indirect  o r  bulk materials 
requirement. 
analysis i s  done i n  terms of the primary resource ore, bauxite. 
Further- 
One notable exception t o  this was aluminum for which much o f  the 
Furthermore, no 
1-3. METHOD OF APPROACH A N D  LIMITING ASSUMPTIONS 
Use o f  Simp1 if ied Classification 
In the prototype SPS materials screening model, only f ive general categorlzs 
have been developed. These are deliberately only quasi-quantitative. Neither 
the time or scope of the e f for t  permitted the development of refined categories 
of the type used, for example, in the PNL study (Reference 9 ) .  Furthermore, 
refined categories may n o t  be needed a t  the screening level.  The major purpose 
here i s  only t o  i l l u s t r a t e  a screening process. A generalized logical approach 
t o  increasing "c r i t i ca l i t y"  i s  used rather t h a n  any precise gradient. 
Focus on Current Production and Resources 
The i n i t i a l  screen applied t o  each material was i t s  relationship to  current 
domestic production and/or  shipments. There were several reasons for th i s .  One 
obvious reason i s  t h a t  i f  the annual requirements of the SPS can be accommodated 
in present production capacities or represents a small proportion of current 
domestic shipments, i t  seems very unlikely t h a t  t h i s  would become a particular 
problem twenty-five years from now. Of course, t h i s  i s  t o  some extent contingent 
on reserves and resources. On the other hand,  any careful consideration of 
reserves and the much less  well defined category of "resources" i s  clearly beyond 
th i s  analysis and i s  subject t o  a great deal of controversy. 
re la t ive agreement on what constitutes domestic production and shipments. 
Universe of Materials Limited -- t o  July 13 Reference -- Concept 
There i s  a t  l eas t  
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attempt was made to examine or disaggregate the categories identified on that 
1 ist as "miscellaneous." 
Other Major Limitations 
Throughout this prototype analysis no consideration was given to either current 
or projected prices nor vas there any attempt t o  examine price elasticity. 
No extended or systematic effort was made to consider projections of either pro- 
duction or reserves through the time of initial SPS operations (approximately 
the year 2000). 
where they were located. 
eter but import dependency on specifically sensitive countries i s  considered 
at a very general ized level . 
Some attention was given to future reserves in the context Of 
Import dependency in itself was not a critical param- 
1-4. CURRENTLY AVAILABLE RESEARCH ON SPS MATERIALS 
Pre-1978 Sources 
For the most part, resource and critical materials analyses developed prior to 
1978 are 1 argely irrelevant . The reference or "base1 ine" concepts devel oped 
prior to the beginning of this year differ significantly from the current refer- 
ence concept. These variations are in such critical areas as the total number 
of satellites, the number o f  satellites and/or generating capacity to be in- 
stalled each year, the start date, and the underlying technology or design. 
is, however, interesting to note that most pre-1978 materials that did present 
materials lists had many serious problems. Some of these problems continue to 
characterize currently available sources on the SPS. 
consistency in definition. In some cases, SPS materials were presented only for 
the satellite itself while in other cases all system components, including space 
transportation, rectennas, etc., were apparently considered. 
Reference to back-up data, particularly back-up data used for the January 1978 
briefing provided little if any enlightenment. 
sources the major problem was an absence of aggregation. While material quan- 
tities were frequently but not universally provided for individual system com- 
ponents and sub-components, they were nowhere summarized except in the briefing. 
It 
Most notable is a lack of 
In these much more voluminous 
PNL "Sol ar Techno1 ogy" Study 
In March 1978, Battelle Pacific Northwest Laboratories published a study entitled 
"A Methodology for Identifying Materials Constraints to the Implementation of 
Solar Technologies" (Reference 9). This study, which was subsequently updated 
in July 1975, presents a highly sophisticated methodology for addressing mater- 
ials requirements. This methodology is presumably based on extensive prior 
analysis and a voluminous and detailed data base. It employs a computer model 
which undertakes a form of process analysis to identify not only primary mater- 
ials requiremerlts but also secondary and tertiary materials requirements, care- 
fully distinguishing between raw materials and bulk materials. 
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While the PNL s tudy  may represent the s t a t e  o f  the a r t  i n  the application of 
materials analysis to  solar technology, i t  i s  not c lear  tha t  the PNL model i s  
an appropriate tool for  an in i t i a l  screening analysis o f  the c r i t i ca l  materials 
required for  the SPS. 
Firs t  of a l l ,  the paper deals essentially w i t h  t e r res t r ia l  solar technology. 
does t r ea t  i n  some depth the material requirements associated w i t h  photovoltaic 
solar processes, including an analysis of gallium ce l l s .  I t  does not, however, 
deal in any way with space transportation. Nor i s  i t  c lear  whether the gallium 
or s i l icon photocell technology discussed i n  the paper i s  the same as or  even 
comparable t o  the technology proposed for  the SPS. 
I t  
Even i f  the scope of the PNL study were expanded to  include a l l  aspects of the 
SPS, there ex is t  some important methodological questions. 
The use of such an elaborate computer-based model may represent "over engineering' 
in the case of i n i t i a l  screening t o  define c r i t i ca l  materials. A simpler method- 
ology m i g h t  represent a savings i n  time and ef for t .  Furthermore, the acquisition 
reduction, and evaluation of elaborate projective data is  a time consuming and 
controversial process. I t  may be desirable t o  defer t h a t  process and apply i t  
only t o  those materials t h a t  warrant  i t .  
The somewhat mechanistic nature of the PNL computer model presents certain prob- 
lems for  the SPS analysis. 
are made w i t h  respect to  the expansion of domestic production capacities (e .g . ,  
ten percent per year).  Furthermore , comparably universal assumptions are made 
as t o  the relationship between current "known" reserves and future total  
"resources". Resources are assumed t o  be some multiple o f  reserves even i n  the 
absence of any pub1 ished data. While his tor ical ly ,  resources have turned out 
t o  be much larger than reserves o f  petroleum, for  example, there i s  no assurance 
t h a t  the same relationship will apply to a l l  or even most of the SPS materials. 
Finally, the very nature o f  the PNL computer-based model forces a l l  findings 
into a formal quantitative hierarchy. 
the problem of "operational izing" the definit ion of "c r i t i ca l " ,  th is  i s  riot 
necessarily desirable. There should be opportunity in any classification for  
Automatic and more or less  universal assumptions 
While i t  may be argued that  t h i s  resolves 
the introduction o f  judgmental or logical. elements- tha t  are not readily quanti- 
f iabl e .  
The foregoing reservations with respect t o  the PNL model's applicabili ty t o  the 
SPS apply primarily t o  i t s  use i n  a n  in i t ia l  screening process. I t  may well be 
tha t  the PNL methodology i s  much more suited t o  the detailed evaluation of sur- 
viving materials,  particularly i f  i t  is supplemented by some qualitative eval- 
uation. Neither the scope of t h i s  white paper nor the expertise of i t s  authors 
warran t  any cr i t i ca l  evaluation of either the assumptions or the d a t a  base 
implicit  in the mode!. 
The PNL s t u d y  provided a very valuable supplementary d a t a  base and checkpoint f o r  
the prototype analysis developed i n  this white paper avd  the author wishes t o  
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ackncwledge the substantial assistance it afforded. 
Recent JPL Study of the SPS Materials 
Jet Propulsion Laboratory, under contract to NASA Johnson Space Center, pub1 ished 
a document entitled "Sate1 1 i te Power Systems (SPS) : 
Assessment" (Reference 11) in August 1978. 
for extensive review and detailed incorporation into this white paper. 
theless, a brief review of the paper did provide the basis for certain obser- 
vations. 
A Prel iminary Resource 
This document was received too late 
Never- 
Once again the problem of the changing definition of the SPS program rears its 
head. The "nominal system" used as an SPS reference concept in this report is 
taken from a 1976 NASA document prepared by the Johnson Space Center entitled 
"Initial Technical , Environmental , and Economic Evaluation of Space Solar Power 
Concepts". The concept described in that reference differs in several import- 
ant respects from the "reference concept" used in this study. 
satellites was originally 112,scaled down to 48. 
representing a total capacity of 480GW as opposed to 300 in the reference con- 
cept. Although the annual rate of construction seems to have been about the 
same, i.e., 10 GW, this is not altogether clear since in the original 112- 
satellite program, the annual rate would have been much higher. 
the JPL reference concept includes assembly in low earth orbit (LEO) rather 
than in GEO (geosynchronous orbit) as in the reference concept used for this 
white paper. Even a non-technical review of the numerous changes that have 
occurred in the reference concept since 1976 raises serious questions as to the 
applicability of the materials assessment derived from that era to the reference 
concepts being used now. 
Notwithstanding this serious possibl ity of inconsistency, there are several val- 
uable features in the JPL analysis. 
cerned with the joint treatment of resource requirements and energy require- 
ments. The modular treatment of various system components in the JPL analysis 
is very clear and it does provide the crucial intermediate step of summarizing 
annual material requirements by major system components. 
minor nature is that the summaries tend to be expressed in materials requirements 
per megawatt per year. 
analysis, whether these estimates can be converted on a per megawatt basis to 
the current reference concept. Any attempt to convert these estimates to the 
present concept without further analysis would seem clearly unwarranted, given 
the substantial changes which may have occurred in the SPS concept. In addi- 
tion, since the JPL analysis is based on the Johnson concept only, no consider- 
ation is given to materials requirements associated with the gallium optian. 
The number of 
These were 10 GW satellites 
Furthermore, 
This analysis is much more explicitly con- 
One problem of a 
It is not clear, without extensive further detailed 
A brief review of this publication also indicates that i s  it primarily devoted 
to estimating requirements rather than to assessing whether those requirements 
JSC 11568, Vol .  I - Sumnary, NASA Lyndon B. Johnson Space Center, Houston, 
TX, August 31 , 1976. 
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are  i n  some sense " c r i t i c a l " .  
Furthermore, t h e  r e p o r t  i t s e l f  acknowledges t h a t  "no t  a l l  of t h e  resources 
necessary f o r  t h e  product ion f a c i l i t i e s  were evaluated."  This  i s  s i m i l a r  t o  the  
l i m i t a t i o n  o f  much o f  t h e  e x i s t i n g  requirements data f o r  t h e  SPS i n  t h a t  i t  does 
n o t  deal w i t h  secondary o r  t e r t i a r y  e f f e c t s .  
Other Recent SPS References 
A rev iew o f  the  SPS b i b l i o g r a p h y  and i n q u i r i e s  w i t h  informed sources d i d  reveal  
t h r e e  o t h e r  recent  re ferences r e l a t e d  t o  c e r t a i n  aspects o f  the  m a t e r i a l s  r e -  
quirements o f  t h e  SPS. One o f  t h e  most n o t a b l e  o f  these was the  recent  study 
by A r t h u r  D. L i t t l e  Inc.  e n t i t l e d  "Evaluat ion o f  So la r  C e l l s  and Arrays for 
P o t e n t i a l  Solar  Power S a t e l l i t e  App l ica t ions"  (Reference 10). Th is  p u b l i c a t i o n ,  
dated March 1978, i s  r e s t r i c t e d  p r i m a r i l y  t o  a cons idera t ion  o f  t h e  s o l a r  c e l l s  
b u t  it does address i n  some d e t a i l  the p a r t i c u l a r  problems created by t h e  
g a l l i u m  concept. 
g a l l i u m  i n  r e l a t i o n s h i p  t o  the  subs tan t ia l  requirements associated w i t h  t h e  SPS. 
These problems der ive  f rom t h e  very  l i m i t e d  product ion of 
One of t h e  c h i e f  b e n e f i t s  o f  t h e  Ar thur  D. L i t t l e  study i s  i n  i t s  t reatment  o f  
t h e  p r e r e q u i s i t e s  f o r  extens ive s o l a r  c e l l  development i n  t h e  s e c t i o n  e n t i t l e d  
" I n d u s t r i a l  Involvement i n  the  Manufacturing o f  So la r  Cel ls /Arrays f o r  t h e  SPS 
Program." This  s e c t i o n  provides v i r t u a l l y  t h e  o n l y  d e t a i l e d  ana lys is  o f  t h e  
e x t r a c t i o n  and processing requirements associated w i t h  s o l a r  c e l l  m a t e r i a l s .  
Uniquely among the  resources reviewed f o r  t h i s  study, t h i s  r e p o r t  discusses 
present  p roduc t ion  capaci ty ,  reviews b r i e f l y  t h e  technology o f  product ion,  iden-  
t i f i e s  approximately t h e  u n i t s  i n  which produc t ion  o r  e x t r a c t i o n  are  l i k e l y  t o  
expand, and s p e c i f i c a l l y  references the n a t i o n a l  o r i g i n  o f  c r i t i c a l  m a t e r i a l s .  
Th is  reference proved i n v a l u a b l e  i n  the c u r r e n t  research i n  t h a t  i t  s p e c i f i e s  
the  l e v e l  o f  p u r i t y  o r  type o f  an element. 
t o  descr ibe  ' ' s i l i c o n "  w i t h o u t  knowing t h e  l e v e l  o r  grade o f  s i l i c o n  ref inement 
r e q u i r e d  f o r  t h e  photoce l l s .  
knowledge b u t  i t  i s  nowhere made e x p l i c i t .  
As noted below, i t  i s  almost useless 
I t  may be t h a t  o t h e r  re ferences presume t h i s  
The coverage o f  t h e  Ar thur  D. L i t t l e  study i s  l i m i t e d  i n  t h a t  it does n o t  deal 
w i t h  space t r a n s p o r t a t i o n ,  space assembly, e t c .  On t h e  o t h e r  hand, t h i s  study, 
probably  more than any o t h e r  reviewed, prov ides a model o f  t h e  type of i n f o r -  
mat ion which should be provided i n  any at tempt  t o  screen t h e  universe of mater-  
i a l s  requirements f o r  those which a r e  c r i t i c a l .  
A d d i t i o n a l  Recent Data on SPS Requirements 
Subsequent t o  t h e  J u l y  13 b r i e f i n g  i n  which t h e  "merged" re ference concept was 
presented, at tempts were made t o  c o l l e c t  a d d i t i o n a l  da ta  f rom both B a t t e l l e  
P a c i f i c  Northwest Labs and Johnson Space Center on m a t e r i a l s  requirements. 
The o n l y  m a t e r i a l  received from B a t t e l l e  d e a l i n g  s p e c i f i c a l l y  w i t h  t h e  SPS was 
based n o t  on t h e  merged concept b u t  r a t h e r  on t h e  p r i o r  Johnson Space Center 
concept and was dated May 1978. 
and referenced, r a t h e r  c u r i o u s l y ,  a 1985 i n i t i a l  date.  
For these and o t h e r  reasons, t h i s  admi t ted ly  p r e l i m i n a r y  d r a f t  was n o t  
I t  descr ibed a 10-gigawatt  s a t e l l i t e  program 
(See Reference 3.)  
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i ncorpora ted  i n  t h i s  w h i t e  paper. Not o n l y  was t h e r e  no t reatment  o f  t h e  g a l l i u m  
o p t i o n  b u t  t h e  author ( R .  Watts) e x p l i c i t l y  noted t h a t  most recent  design changes 
had n o t  been incorporated. 
E f f o r t s  were a lso made t o  o b t a i n  more d e t a i l e d  m a t e r i a l s  requirements l i s t s  
f o r  t h e  merged reference concept. 
submission by the Johnson Space Center (Reference 14) which s u f f e r e d  from prob- 
lems t y p i c a l  of much o f  t h e  p r i o r  in fo rmat ion .  Namely, t h e  est imates were g iven 
i n  terms o f  per u n i t  requirements o f  t h e  var ious u n i t  components such as t h e  
HLLV (Heavy L i f t  Launch Vehic le)  , t h e  COTV (Cargo O r b i t a l  Transfer  Veh ic le )  , e t c .  
E laborate c a l c u l a t i o n s  w i t h  respec t  t o  use, l i f e ,  and requirements per  s a t e l l i t e  
were needed i f  i n  f a c t  a r e l i a b l e  est imate o f  requirements per  year  were t o  be 
es tab l i shed.  
a v a i l a b l e  f o r  the g a l l i u m  opt ion ,  i t  was decided t o  s tay  w i t h  t h e  presumably 
m u t u a l l y  cons is ten t  l i s t s  o f  m a t e r i a l s  prov ided i n  t h e  J u l y  13 b r i e f i n g .  
The r e s u l t s  o f  t h i s  e f f o r t  produced a data 
Since t ime was l i m i t e d  and p a r a l l e l  i n f o r m a t i o n  was n o t  r e a d i l y  
1-5. PROTOTYPE MATERIALS CLASSIFICATION SCHEME 
S e l e c t i o n  o f  Data Base f o r  ComDarison 
This  i l l u s t r a t i v e  p ro to type c l a s s i f i c a t i o n  scheme was designed t o  present a 
p r e l  im inary  "screening" model f o r  i d e n t i f y i n g  which SPS m a t e r i a l s  were " c r i t i c a l " a  
The i n i t i a l  and major premise i n  t h i s  a n a l y s i s  was t h a t  any m a t e r i a l  f o r  which 
SPS annual requirements represented l e s s  than 10 percent  o f  c u r r e n t  p roduc t ion  
o r  shipments was presumably n o t  a c r i t i c a l  m a t e r i a l .  
i f i e d  o n l y  w i t h  respect  t o  t h e  very h i g h  dependency on impor ts  f rom s e n s i t i v e  
c o u n t r i e s .  
This  presumption was qual -  
Th is  d e l i b e r a t e l y  s i m p l i s t i c  premise permi t ted  t h e  assembly o f  a m i n i m a l l y  ade- 
quate data base w i t h i n  the  a v a i l a b l e  t ime.  The data base was r e s t r i c t e d  p r i -  
m a r i l y  t o  domestic product ion o r  shipments w i t h  f u r t h e r  i n f o r m a t i o n  adduced as 
needed on domestic reserves and resources. The percentage o f  m a t e r i a l s  imported 
and t h e  pr imary count r ies  from which they  were imported were a l s o  i d e n t i f i e d .  
To a l a r g e  extent ,  the  depth i n  which quest ions o f  impor t  dependency and f u t u r e  
reserves were considered was a f u n c t i o n  o f  data a v a i l a b i l i t y  r a t h e r  than a sys-  
temat ic  a t tempt  t o  t r e a t  a l l  m a t e r i a l s  i n  t h e  same d e t a i l .  
The fo rego ing  l i m i t a t i o n s  o f  t h i s  data base and t h e  approach used a r e  themselves 
somewhat reveal ing.  
f u l l y  w i t h  a l i m i t e d  data base, i t  may be q u i t e  d e s i r a b l e  i n  min imiz ing  t h e  
obv ious ly  extens ive and c o n t r o v e r s i a l  problems i n v o l v e d  i n  e s t a b l i s h i n g  t h e  
" d e f i n i t i v e "  est imates f o r  any m a t e r i a l .  
p r i a t e l y  reserved fo r  those m a t e r i a l s  which emerge as " c r i t i c a l  ' '. 
To t h e  e x t e n t  t h a t  m a t e r i a l s  can be screened o u t  meaning- 
This  more arduous e f f o r t  can be appro- 
Categor ies o f  " C r i t i c a l  iw 
T h e o r e t i c a l l y ,  a c r i t i c a l  m a t e r i a l  f o r  p roduc t ion  o f  t h e  SPS i s  any m a t e r i a l  f o r  
which t h e  annual and/or cumulat ive demands o f  SPS product ion,  accord ing t o  t h e  
c u r r e n t  reference concept , would present  a s i g n i f i c a n t  supply  o r  p roduc t ion  
problem f o r  t h e  U.S. economy a t  t h e  t i m e  o f  p roduc t ion .  
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The fo rego ing  d e f i n i t i o n  has a l l  the  r i g o r  and ref inement  of such bureaucra t ic  
terms as "reasonable and proper",  " f a i r  and j u s t " ,  e tc .  There i s  a need f o r  
some more opera t iona l  d e f i n i t i o n  o f  what c o n s t i t u t e s  a c r i t i c a l  m a t e r i a l .  
I n i t i a l l y ,  such d e f i n i t i o n  should provide f o r  d i f f e r e n t  l e v e l s  o f  c r i t i c a l i t y  
s i n c e  it may n o t  be obvious how " c r i t i c a l "  a p a r t i c u l a r  m a t e r i a l  i s .  
of g r a d i e n t  i s  c l e a r l y  needed. 
Some s o r t  
To address t h i s  issue, t h e  pro to type ana lys is  used f i v e  categor ies.  
of these, i d e n t i f i e d  as "NO Apparent Problem," r e f l e c t s  those m a t e r i a l s  f o r  which 
SPS demands represent  l e s s  than 10 percent of annual recent  product ion o r  sh ip-  
ment l e v e l s .  
The f i r s t  
The second category i s  designated as "High Demand-No Apparent Problem i n  Expan- 
s ion.  I' SPS annual requirements f o r  m a t e r i a l s  i n  t h i s  category represent  over  
10 percent  o f  r e c e n t  annual p roduc t ion  but t h e  l i k e l i h o o d  o f  a supply problem 
seems t o  be remote because o f  some combination o f  r e a d i l y  a v a i l a b l e  impor ts ,  
known changing technologies , o r  apparent p o t e n t i a l  s u b s t i t u t i o n .  
The t h i r d  l e v e l  o r  category used i s  s imply i d e n t i f i e d  as "Poss ib le  Problem." 
M a t e r i a l s  i n  t h i s  category a r e  ones f o r  which SPS demand i s  n o t  p a r t i c u l a r l y  
l a r g e  b u t  t h e  supp l ies  a r e  h i g h l y  uncer ta in .  S p e c i f i c a l l y ,  o n l y  a rsen ic  and 
g a l l i u m  f o r  t h e  s i l i c o n  o p t i o n  appear i n  t h i s  category.  Arsenic and g a l l i u m  
are  r e q u i r e d  i n  s u f f i c i e n t  q u a n t i t i e s  under t h e  g a l l i u m  o p t i o n  so t h a t  they  a r e  
placed i n  a much h igher  category.  The modest amounts needed f o r  t h e  s i l i c o n  
op t ion ,  w h i l e  they would s t r a i n  e x i s t i n g  resources product ion,  do n o t  appear t o  
be a c e r t a i n  o r  even a r e a l  p o t e n t i a l  problem. The present  data base i s  insu f -  
f i c i e n t  f o r  a f i n a l  determinat ion.  
There a r e  c e r t a i n  m a t e r i a l s  f o r  which a "Real P o t e n t i a l  Problem" e x i s t s .  Th is  
f o u r t h  category o f  " c r i t i c a l i t y "  i s  b a s i c a l l y  de f ined as a f a i l u r e  t o  meet any 
of  t h e  t e s t s  f o r  t h e  t h r e e  lower categor ies.  
h ighes t  p o s s i b l e  category because t h e r e  would appear t o  be adequate reserves b u t  
p o t e n t i a l  supply problems cou ld  be created e i t h e r  by impor t  s e n s i t i v i t y  o r  
inadequate e x t r a c t i o n  capac i ty  a t  t h e  present t ime. 
c l e a r l y  warrant  more d e t a i l e d  examination. 
A t  t h e  same t ime, i t  i s  n o t  t h e  
M a t e r i a l s  i n  t h i s  c lass  
The f i f t h  and h ighes t  category of  " c r i t i c a l i t y "  i s  " D e f i n i t e  Problems." I n  t h i s  
category a r e  those m a t e r i a l s  f o r  which the  SPS annual demand would t a x  some 
combinat ion o f  the  t o t a l  known reserves and/or e x i s t i n g  and pro jec ted  e x t r a c t i o n  
technology. 
t h a t  i s  ga l l ium.  
There i s  o n l y  one such mater ia l  i n  t h i s  category a t  t h i s  t ime and 
Special  "Non-Gradi en t "  Categor ies 
One of t h e  most useful  by-products o f  t h i s  p r e l i m i n a r y  ana lys is  i s  t h e  i d e n t i f i -  
c a t i o n  o f  c e r t a i n  m a t e r i a l s  fo r  which the problem i s  n o t  adequate supp l ies  of 
the  raw m a t e r i a l s  b u t  r a t h e r  1 i m i t a t i o n s  i n  manufactur ing and processing capac- 
i t y .  These m a t e r i a l s  a r e  assigned t h e  spec ia l  category i d e n t i f i e d  as "A: Manu- 
f a c t u r i n g  Capaci ty Problem. I '  
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I n  a d d i t i o n ,  there were a few m a t e r i a l s  f o r  which the  r e a d i l y  a v a i l a b l e  data 
base was so inadequate, a t  l e a s t  w i t h i n  t h e  l i m i t s  o f  t h i s  w h i t e  paper e f f o r t ,  
t h a t  no c a t e g o r i z a t i o n  cou ld  be made. 
i n  t h i s  category "B"  group. I n  these cases, t h e r e  e x i s t s  s u b s t a n t i a l  u n c e r t a i n t y  
as t o  t h e  s u b s t i t u t a b i l i t y  o f  o t h e r  f i n a l  products ( g r a p h i t e )  o r  t h e  a v a i l a b i l i t y  
of adequate processing capac i ty  ( a r s e n i c ) .  
Summary Resul ts o f  Screening Analys is  
The r e s u l t s  o f  t h i s  h i g h l y  p r e l i m i n a r y  screening are  summarized i n  E x h i b i t  1-1. 
The r e s u l t s  are presented separate ly  f o r  t h e  s i l i c o n  and g a l l i u m  opt ions  s ince  
t h e  m a t e r i a l s  requirements o f  t h e  two a r e  q u i t e  d i f f e r e n t .  
q u a l i f i c a t i o n  t h a t  t h i s  ana lys is  i s  s t i l l  h i g h l y  p r e l i m i n a r y ,  i t  appears t h a t  
most o f  t h e  mater ia ls  requ i red  i n  e i t h e r  o p t i o n  a r e  i n  t h e  f i r s t  two ca tegor ies  
o f  "NO Apparent Problem" or  "High Demand-No Apparent Problem i n  Expansion. I' 
I n  t h e  o r i g i n a l  l i s t  o f  t h e  m a t e r i a l s  prov ided i n  t h e  J u l y  13 b r i e f i n g ,  t h e r e  
were 22 m a t e r i a l s  l i s t e d .  Two cjf t h e  m a t e r i a l s  l i s t e d  have been somewhat r e l a -  
beled. Instead o f  aluminum, t h e  e x h i b i t  r e f e r s  t o  "baux i te  (aluminum)" s ince  
t h e  b a u x i t e  product ion i s  a c r i t i c a l  parameter. 
l i s t e d  as "g raph i te  epoxy," t h e  e x h i b i t  shows i t  as " g r a p h i t e  epoxy ( g r a p h i t e ) "  
t o  r e f l e c t  t h e  f a c t  t h a t  g r a p h i t e  i s  t h e  c r i t i c a l  raw m a t e r i a l .  
apparent shortage o f  t h e  manufactured m a t e r i a l  epoxy. 
Graphi te  and arsen ic  a r e  t h e  two i tems 
Subject  t o  t h e  
S i m i l a r l y  f o r  t h e  m a t e r i a l  
There i s  no 
S i1  i c o n  Option 
Exac t ly  h a l f  o f  t h e  22 m a t e r i a l s  a r e  i n  t h e  f i r s t  c l a s s i f i c a t i o n  o f  "NO Apparent 
Problem" f o r  t h i s  op t ion .  
con a r e  i n  t h e  second category o f  "High Demand-No Apparent Problem i n  Expan- 
s ion .  I' 
Another t h r e e  m a t e r i a l s ,  baux i te ,  oxygen, and s i l i -  
Only f o u r  m a t e r i a l s  a r e  i n  t h e  "Poss ib le"  o r  "Real P o t e n t i a l  Problem'' ca tegor ies .  
These a r e  arsenic  and g a l l i u m  i n  t h e  "Poss ib le  Problem" category and mercury 
and tungsten i n  t h e  "Real P o t e n t i a l  Problem'' category.  
Two o f  t h e  m a t e r i a l s  i n  t h i s  o p t i o n  a r e  b e t t e r  charac ter ized  as problems ir. 
expanding manufactur ing c a p a c i t i e s  than as raw m a t e r i a l s  shortage (Category A).  
These o r e  glass and hydrogen. 
One m a t e r i a l  , graph1 t e ,  fa1  1 s i n t o  Category B, "Data Sources Inadequate. I' 
Gal l ium Option 
I n  general ,  the g a l l i u m  o p t i o n  i s  c h a r a c t e r i z e d  by a l e s s e r  number o f  "non- 
c r i t i c a l  mater ia ls .  Ten of these m a t e r i a l s  a r e  i n  t h e  lowest  category,  "No 
Apparent Problem." One m a t e r i a l ,  baux i te ,  i s  i n  t h e  n e x t  lowest  category,  
"High Demand-No Apparent Problem i n  Expansion. 'I 
For t h e  g a l l i u m  opt ion ,  t h e r e  a r e  no m a t e r i a l s  i n  t h e  "Poss ib le  Problem'' cate-  
gory.  The two m a t e r i a l s  i n  t h a t  category f o r  t h e  s i l i c o n  o p t i o n ,  a r s e n i c  and 
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gallium, were considered as "Possible Problem" only because of the small amounts 
needed. W i t h  the gallium o p t i o n ,  however, the amounts needed are  much larger,  
and consequently, the level of severity i s  much greater. 
Under the gallium option, mercury, s i l ve r ,  and tungsten a re  in the "Real Poten- 
t i a l  Problem" category and gal l ium i n  i n  the "Definite" category. 
"Manufacturing capacity" problems would appear t o  apply t o  hydrogen , sapphire, 
t e f l  on , and kapton under the gal 1 i uni o p t i o n  (Category A ) .  
Data sources are inadequate for the classification of arsenic as well as graph- 
i t e .  
options i s  t h a t  the much larger quantities needed in the gallium option move i t  
from the "Possible Problem" to the "Data Sources Inadequate" category. With 
the small amounts needed i n  the si l icon o p t i o n ,  there i s  l ess  need for extended 
further research. The problem i s  basically of limited production related t o  
limited demand. In  the case of the gallium option, the problem may be restated 
as substantial demand i n  the face of limited and uncertain supply. 
Suppor t ing  Computations 
The reason for the change i n  the status of arsenic as between the two 
The computations which support the foregoing classif icat ions of materials are 
presented i n  Exhibit 1-2 and 1-3. 
construction. 
Exhibit 1-2 while the gallium arsenide (Marshall Space Center) concept i s  
described i n  Exhibit 1-3. 
The two exhibits are identical i n  format and 
The s i1  icon (Johnson Space Center) concept i s  sumnarized i n  
The annual requirements estimate is  taken direct ly  from the materials l i s t  i n  
the July 13 briefing (Reference S15) .  The table provides for  three data items on 
each material : 
shipments volume. Not a l l  three are f i l l ed  o u t  for each material. In the case 
of highly processed materials, e.g., aluminum and argon, no resources estimate 
i s  given b u t  instead reliance i s  placed on production and shipments data. 
the case of raw materials which are  converted to  a f inal  material, e.g., bauxite, 
resources and/or shipments d a t a  are  given. 
t o  one of the f ive categories are compared t o  a t  l eas t  one and, i n  most cases, 
two indices of current resources , capacity , and production. 
domestic resources , domestic production capacity, and production/ 
In 
All materials requirements assigned 
I n  the f inal  column, the "Cri t ical i ty  R a t i n g "  for each material i s  given as a 
number o r  l e t t e r  corresponding to  those used i n  E x h i b i t  1-1. 
ments are expressed as a percentage of  current (recent) production or shipments 
i n  the adjoining column. In  some cases, a compound r a t i n g  has been assigned, 
e.g. ,  B(4) for arsenic. This indicates t h a t  arsenic more appropriately belongs 
i n  the B category of requiring further detailed research. I f ,  however, i t  was 
necessary t o  make some very prel iminary judgment on i t s  "c r i t i ca l  i t y"  1 eve1 
without fur ther  research, t h a t  level would be Level 4 ,  "Real Potential Problem." 
For purposes of the prior summary (Exh ib i t  I - 1 ) ,  the non-gradient category was 
used. The gradient level i s  provided here only for reference. 
SPS annual require- 
-1 5- 
I - m  - 
co m 
0 
N 
N 
0 
0 
m 
h 
m 
h 
b, 
? 
n 
m 
F 
0 
0 
m 
h 
h 
03 
0, 
? 
0 
m *a 
O Z  
c o h  m y  
0- O b  
. ' I  . .  
-0 N b  
N -7  
m 
03 
cow --am 
N 
m 
mr- w 
N "  co 
w 
F 
C 
0 
U< m z  
0, 
2 
h 7-0 mu, m o w  
h o m c o m  
00 0 
00 0 
0 h 
0 co 
* . I  
I -m 
b 
- N N  
N N  
N N NN 
N N N  
0 0 3  
0 
m 
U 
N 
0, 
'0, 
0 
0 
0 
m 
0, 
0 0 
m 0 - m x o  
W L  
PO 
Nd- 
2 0, .o 
h 00, 
N nw 
z* I- 
0 
c, 
ul 
w 
m 
N 
- L D  w 
cur- -  cu 
m N NN cu N N  Y 
E 
0 
u 
*l- 
$ 1  
m u) 0 
70 x o  
I--* 
g"n 
0 a 0  
0 00 m Y rc 
u ,  c 
aJ 
aJ aJ 
ul 
aJ 
0 
L 
3 
0 
ul 
CrJ 
c, 
U 
L 
0 rc 
L aJ 
" 1  
v 
n 
5 
E 
aJ 
V 
r aJ 
L 
W cc 
aJ e + 
I 
N 
I O m h  O m  
9% 
w c u o c o o  
h O O b N  
-0" n n  n 
Y 
L 
m 
W 
I x w 
d c o  h 
03- m 
N d 
- 03- 
m NI- 
N 
--I- I- 
F a 3  
N 
2 n 
I-- 
aJ 
U 
.r h c tn a 0 
v) a 
L W 
-1 6- 
Y 
Y 
I 
ru 
I 
H 
t; 
m 
Y 
v) 
c, 
S 
rd 
c, 
3 
m 
E 
0 u 
7 
n 
S 
.C c, 
0 
Y 
d 
.. 
-1 7- 
d 
m 
NI-UN - 
co m 
0 
N 
N 
0 
0 
m 
h 
m 
h 
b, 
I- 
n 
0. - 
0 
0 
m 
h 
0, 
o', 
h co 
I - I  I l -Ln  
m 
m 'a 0 z  
m 
? 
0 
0 
ea m z  
0, 
2 
I- 
- N  
N 
O C O  
0 
m 
e 
N 
0, 
'0, 
m N  
N 
UY 
0 
-0 x o  m m  m -  
--a- 
0 3 - b  03 0 - m  m . . . < .  
I-0Lnz- 
C U I - m  
N 
I 
m m  
a 
-40 
o x  
-N  
X b  
I - L n  
4 -  
m 
m 
0 
X 
0 
0 
m 
I- 
'0, 
. . . . .  
o m m o d  
b d  
W 
00 0 
00 0 
m m a e  
O d Z O  
70, 0, 
corN co 
v, 
m 
H 
n 
7 
d "  
h O  mI- 
m 
- N  
N 
00 
OLn 
- a - h  m r- 
b 
b,? 
?* 
N 
0 
0 
0 m 
o, 
c; 
v) 
W 
N N N  
N N N  
NN 
N N  
o o m  m o m  
' D , o , b ,  - m a -  
h Z  
'0, 
N 
N 
M 
m NN 
NN 
UY 
0 - 0 
o x  0 
0 0  
O N  
h 
m-a- - ,"? h 
w o  
0 0  
- m  
X "  
bb  cum 
N-a- 
I 
m 
I 
U 
t; 
m 
U - 
f ln 
m 
N 
'u, 
0 
m 
m 
c, 
c 
aJ 
u E 
n n r n  m a n  n 
o m c u  
m 
m 
d m N o m  
I-co 
h O - m  mcor-  m m  
o e m  - 
I-co m 
N 
n 
N 
n 
? 
A 
x 
w 
3 
0 
Q 
Lcl 
m aJ 
m 
m 
> 
A 
U 
Y 
A m o  -1 
mi- a n-3 Q 
I 
rl 
I 
H 
L 
a 
U 
I 
x 
W 
-I- aJ tu 
3 >c, 
u o m  aJ v u  * 
L V I  U 
.I- aJ 0 
0- a J L  
v, a J T  aJ 
L 3  Q 
L 3  
0 C , K  C, cc 3 0  E 
d 
c 
aJ > aJ 
F 
n 
aJ 
.I- 
n 
c, .- 
h - 
U 
W 
L 
0 
V 
a J C ,  
C K  
a J a J  
mc, 
v, 
v, *I- 
a J V I  
V E  
VI L O  
3 v  
0 
V I c ,  a 0  
pzc 
aJ > 
.r 
r 
aJ 
VI aJ 
L 
P aJ 
L 
U 
W 
L 
a, 
P, 
ln ..
E 
0 
0 
C 
0 .- c, 
tu 
0 rc 
K 
E 
(0 > m 
c, 
ul 
aJ 
m 
cu cu 
aJ 
V 
!= aJ 
L 
aJ 
L 
w cz 
- 
W u - 
E aJ 
L aJ 
L 
h, 
Q: 
-1 9- 
1-6. REVIEW OF COMPONENT MATERIALS 
Even w i t h i n  the framework o f  t h i s  very  1 i m i t e d  ana lys is ,  numerous problems 
emerge w i t h  respect t o  data sources and c l a s s i f i c a t i o n  o f  m a t e r i a l s .  
t h e r e f o r e  impossible t o  s imply  genera l i ze  about many o f  t h e  m a t e r i a l s .  Spec i f i c  
comments on d e f i n i t i o n s  and assumptions a r e  requ i red ,  For most o f  t h e  s e n s i t i v e  
m a t e r i a l s  , an expanded d iscuss ion  o f  t h e  assumptions, data sources, and problems 
i n  c l a s s i f i c a t i o n  i s  prov ided i n  Appendix A e n t i t l e d  "Data Sources and C lass i -  
f i c a t i o n  Problems w i t h  Regard t o  SPS M a t e r i a l s . "  
The d iscuss ion  presented below, t h e r e f o r e  deals  o n l y  w i t h  t h e  general na ture  of 
t h e  problems noted, and t e c h n i c a l  d e t a i l s  a r e  noted i n  t h e  appendix. 
It i s  
Category 1 M a t e r i a l s  : '*NO Apparent Probl  em'' 
For t h e  most par t ,  t h e  bas is  o f  c l a s s i f i c a t i o n  and d e f i n i t i o n  of these m a t e r i a l s  
i s  se l f -ev ident .  
i n i t i o n a l  o r  d e r i v a t i o n  problems which had t o  be reso lved before t h e  m a t e r i a l s  
could be c l a s s i f i e d .  
I n  a t  l e a s t  t h r e e  cases, however, t h e r e  were s i g n i f i c a n t  def- 
The s p e c i f i c a t i o n s  g iven i n  t h e  J u l y  13 "merged" re fe rence concept inc luded 
concrete b u t  not  cement. 
gravel ,  and cement, t h e r e  would appear t o  be no shortage o f  t h e  f i r s t  two. 
Cement, however, has been p e r i o d i c a l l y  i n  s h o r t  supply i n  t h e  Un i ted  States.  
Consequently, i t  was necessary t o  i s o l a t e  t h e  cement category.  
"Ceramics" i s  not  a s i n g l e  de f ined m a t e r i a l .  
f o r  which i t  was p o s s i b l e  t o  get  very  genera l i zed  shipments est imates which a r e  
much l a r g e r  than t h e  SPS annual demand. It may be t h a t  f u r t h e r  d isaggregat ion 
could reveal  some prob l  ems. 
The m a t e r i a l s  l i s t  i n  t h e  J u l y  13 b r i e f i n g  s p e c i f i e s  " s t r u c t u r a l  s t e e l . "  Th is  
d e f i n i t i o n ,  taken a t  face value, proves t o  be somewhat inadequate. 
t o  be some semantic v a r i a t i o n s  i n  what i s  descr ibed as s t r u c t u r a l  s t e e l  i n  
var ious r e p o r t i n g  documents. I n  many cases, t h e  est imates o f  s t r u c t u r a l  s t e e l  
product ion inc ludes o n l y  major s t e e l  members such as those used i n  heavy engi -  
neer ing c o n s t r u c t i o n  and heavy suppor t ing  columns f o r  l a r g e  b u i l d i n g s .  A more 
s p e c i f i c  d e f i n i t i o n  o f  t h e  type  o f  s t r u c t u r a l  s t e e l  r e q u i r e d  f o r  rectenna 
c o n s t r u c t i o n  was obta ined from t h e  American I r o n  and Steel  I n s t i t u t e  (Reference 
8). 
components i s  not i n  s h o r t  supply and does n o t  correspond t o  t h e  narrow d e f i n i -  
t i o n  of s t r u c t u r a l  s t e e l  used i n  t h e  var ious  r e p o r t e d  data s e r i e s .  The l a r g e r  
quest ion o f  sustained h igh  domestic l e v e l s  i s  o u t s i d e  t h e  scope o f  t h i s  a n a l y s i s .  
O f  t h e  m a t e r i a l s  t h a t  make up concrete,  i .e. ,  sand, 
I t  represents  a group of m a t e r i a l s  
There tends 
Based on t h i s  source, i t  appears t h a t  t h e  t y p e  o f  s t e e l  needed f o r  SPS 
Category 2 Mater ia ls :  "High Demand - No Apparent Problems i n  Expansion" 
For t h e  s i l i c o n  o p t i o n  there  were t h r e e  m a t e r i a l s  i n  t h i s  category,  baux i te ,  
oxygen, and m e t a l l u r g i c a l  s i l i c o n .  Only one of these, bauxi te ,  was c l a s s i f i e d  
i n  t h i s  category f o r  the  g a l l i u m  opt ion .  
-20- 
Bauxite is the preferred and, currently, virtually the sole material from which 
aluminum is refined. 
current needs for aluminum production. As a result, major import sources have 
been developed in the West Indies (particularly Jamaica) and in Australia. 
These sources of supply were, for purposes of this analysis, considered to be 
relatively stable. Tentative estimates of these countries' resources indicate 
that they are quite adequate to meet the expansion in demand required by the 
SPS program. The only conditions under which problems might arise would be if 
overseas shipments to the United States were interdicted or halted for some 
currently unforeseen political or military reason. 
about 15 to 20 percent of U.S.  bauxite requirements are produced from domestic 
resources. 
refine aluminum from materials other than bauxite. 
found in abundant supply in the United States, contains a substantial proportion 
of aluminum. It is not now economical t o  extract aluminum from this source, but 
experiments are under way to improve recovery technology. 
The estimated annual demand for oxygen, under the gallium option, is over 2.7 
million metric tons. This estimate is not only well over 10 percent of current 
domestic production (11 million metric tons) but is also somewhat over 10 per- 
cent of estimated domestic production capacity (22.7 million metric tons). 
There should, however, be no problem in the raw materials for oxygen since it 
is freely available in a variety of sources. 
placed also in Category A. In any case, however, it is clearly not a significant 
potential problem for the SPS. 
Not enough bauxite is mined in the United States to supply 
At the present time, only 
It should be noted, that large scale experiments are under way to 
For example, kaolin, a clay 
This element, arguably, should be 
Silicon was simply labeled as silicon in the list of materials requirements. 
This caused some definitional problems since the Arthur D. Little report (Ref- 
erence 10) reveals that is was not just silicon but particularly high purity 
silicon that will be required. While there are massive raw material resources 
for silicon, the development of silicon from one state of purity to the next 
requires significant additional steps o f  refinement. 
preparation of high purity silicon adequate for solar cells would require at 
least one step of refinement past that required for the manufacture of what is 
commonly known as "metallurgical si1 icon." The Bureau of Mines (Reference 18) 
estimates that it would take approximately three years to develop a plant 
equipped to produce high purity silicon (solar grade) from metallurgical silicon. 
Thus, given enough lead time, the manufacture o f  adequate supplies should not 
present any problems. 
It is apparent that the 
Category 3 Materials: "Possible Problem" 
No materials fell into this category under the gallium option. 
con option, arsenic and galliliin were classified in this group. 
these materials are classified elsewhere under higher levels of criticality, 
they are discussed below. 
Under the sili- 
Since both of 
-21 - 
Cateaorv 4 Mater ia ls :  "Real P o t e n t i a l  Problem" 
Mercwy and tungsten occur i n  t h i s  category f o r  both s i l i c o n  and g a l l i u m  Options. 
I n  a d d i t i o n ,  s i l v e r  appears i n  t h i s  category f o r  t h e  g a l l i u m  op t ion .  
I n  recen t  years,  over 95 percent o f  domestic mercury needs have been supp l ied  by 
imports. There i s  some i n d i c a t i o n ,  however, t h a t  imports have dec l i ned  t o  about 
h a l f  t h e i r  p r i o r  r a t e  due t o  t h e  recen t  opening o f  a major mine i n  Nevada. 
Spain i s  t he  primary c u r r e n t  source o f  imported mercury. 
changes i n  Spain's government may r a i s e  quest ions of long-term s t a b i l i t y  and 
dependable supply. 
imports, t h i s  mater ia l  has been conserva t i ve l y  c l a s s i f i e d  as a p o t e n t i a l  problem. 
Mercury i s  a f a i r l y  good example o f  t h e  type o f  m a t e r i a l  which would su rv i ve  an 
i n i t i a l  screening f o r  " c r i t i c a l "  s t a t u s  b u t  migh t  w e l l  be e l i m i n a t e d  by f u r t h e r  
in-depth i n v e s t i g a t i o n .  
The domestic product ion capac i t y  of tungsten i s  extremely l i m i t e d  a t  approximatel! 
4,200 m e t r i c  tons per  year  as shown i n  E x h i b i t s  1-2 and 1-3. The SPS requirement 
of  approximately 1,200 m e t r i c  tons annua l ly  would represent  we l l  over a q u a r t e r  
of  t h i s  t o t a l  capaci ty.  It would a l so  be almost h a l f  o f  recen t  shipment l e v e l s  0' 
2,700 m e t r i c  tons per year.  Because o f  t he  h i g h  c o s t  o f  m in ing  e x i s t i n q  
domestic reserves, t he  vast  m a j o r i t y  o f  tungsten i s  imported t o  the  Un i ted  States 
(Reference 20). Only 31 percent o f  these imports come from e i t h e r  Canada o r  
Mexico. 
People 's Republic o f  China, and A u s t r a l i a .  
supply can be considered both f r i e n d l y  and s tab le ,  n o t  a l l  o f  them f a l l  i n t o  t h i s  
category. 
quest ionable and charac ter izes  t h i s  m a t e r i a l  as a "Real P o t e n t i a l  Problem. I' 
Once again, i t  should be s t ressed t h a t  t h i s  i s  an i n i t i a l  screening e f f o r t .  
Fur ther ,  d e t a i l e d  examination o f  t he  d i s t r i b u t i o n  and q u a l i t y  o f  reserves migh t  
r e s o l v e  t h i s  problem. 
The recen t  dramatic 
Pending v e r i f i c a t i o n  o f  f u r t h e r  reduced dependence on 
Other major sources o f  supply i n c l u d e  Peru, B o l i v i a ,  Thai land, t h e  
Although several  o f  these sources of 
Therefore r e l i a b i l i t y  o f  supply 20-25 years i n  t h e  f u t u r e  remains 
SPS s i l v e r  requirements a re  t r i v i a l  under t h e  s i l i c o n  b u t  a r e  q u i t e  s u b s t a n t i a l  
(3,200 m e t r i c  tons per year )  under t h e  g a l l i u m  concept. Ga l l ium o p t i o n  demand 
would exceed cu r ren t  domestic p roduc t ion  o r  shipments by a f a c t o r  o f  almost 
three.  The pro jected s i l v e r  demands would be n e a r l y  equal t o  t h e  combined mine 
produc t ion  l e v e l s  o f  a l l  t h ree  Nor th  American c o u n t r i e s .  Furthermore, t h e  com- 
bined 30-year proposed program would consume approx imate ly  t w i c e  t h e  "proven" 
reserves i n  1974. I n  t h i s  regard,  i t  should be noted t h a t  most domestic s i l v e r  
i s  recovered as a by-product of o t h e r  mining, n o t a b l y  copper and t o  a l e s s e r  
ex ten t ,  z inc .  The h i g h  demand i n  r e l a t i o n  t o  
c u r r e n t  product ion i s ,  i n  and of i t s e l f ,  reason f o r  ass ign ing  t h i s  t o  the  "Real 
P o t e n t i a l  Problem" area. The f a i l u r e  o f  t h i s  s tudy  t o  cons ider  t h e  ques t ion  of 
p r i c e  and p r i c e  e l a s t i c i t y  may be p a r t i c u l a r l y  meaningful i n  t h i s  case. 
i n v e s t i g a t i o n  might we l l  reveal  t h e  f a c t  t h a t  a t  s i g n i f i c a n t l y  h ighe r  p r i c e s ,  t h e  
recovery of s i l v e r  as a by-product and/or t h e  expansion o f  d i r e c t  min ing  would be 
h i g h l y  f e a s i b l e .  
L i t t l e  s i l v e r  i s  mined d i r e c t l y .  
Fu r the r  
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Category 5 H a t e r i a l  s : " D e f i n i t e  Probl  em" 
Under t h e  assumptions o f  t h e  s i l i c o n  opt ion,  t h e r e  a r e  no m a t e r i a l s  which f a l l  
i n t o  t h i s  category.  
g a l l i u m  i t s e l f  becomes t h e  s o l e  Category 5 m a t e r i a l .  
g a l l i u m  recovery and i t s  p o t e n t i a l  expansion i s  prov ided i n  t h e  Ar thur  D. L i t t l e  
r e p o r t  (Reference 10).  
r e f i n e d  aluminum and z inc .  The g a l l i u m  recovery r a t e  f rom b a u x i t e  (p r imary  alum- 
inum source) has been est imated t o  range from approx imate ly  .002 t o  .004 percent.  
A t  the  lower  l e v e l  o f  e x t r a c t i o n ,  t h e  amount o f  b a u x i t e  r e f i n i n g  r e q u i r e d  t o  
generate annua l ly  t h e  2,200 m e t r i c  tons o f  g a l l i u m  needed f o r  the  SPS program 
would be almost 10 t imes t h e  volume o f  baux i te  r e f i n e d  i n  t h e  Uni ted States today 
Under t h e  assumptions o f  t h e  g a l l i u m  opt ion,  however, 
The bes t  d iscuss ion o f  
Gal l ium i t s e l f  i s  a by-product o f  t h e  product ion of 
P r e l i m i n a r y  rev iew o f  t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  t o  achieve t h e  h igher  r a t e  
of recovery (.004 percent)  adds s i g n i f i c a n t l y  t o  recovery costs .  Consequently, 
even a t  t h e  h igher  r a t e  o f  recovery,  suppl ies would be c l e a r l y  inadequate from 
e x i s t i n g  b a u x i t e  processing and might,  i n  a d d i t i o n ,  impose what could be a pro- 
h i b i t i v e  t a x  on t h e  r e f i n i n g  capac i ty  o f  the aluminum i n d u s t r y .  
The foregoing a n a l y s i s  o f  g a l l i u m  i s  based i n  p a r t  on t h e  assumption t h a t  i t  w i l l  
con t inue t o  be a v a i l a b l e  o n l y  as a by-prodhct. No c o s t - e f f e c t i v e  a l t e r n a t i v e s  
have y e t  been i d e n t i f i e d .  
i n  response t o  e x p l i c i t  needs. 
beyond what can be economical ly produced as a by-product o f  aluminum r e f i n i n g .  
C l e a r l y ,  t h e  g a l l i u m  concept would r e q u i r e  extended f u r t h e r  research i n t o  t h e  
supply o f  t h i s  minera l .  
Minera l  resources are, however, o f t e n  developed o n l y  
Thus f a r  t h e r e  has been l i t t l e  need f o r  g a l l i u m  
Category A M a t e r i a l s :  "Apparent Problems i n  Manufactur ing Capaci ty"  
There are  a t o t a l  o f  f o u r  m a t e r i a l s  which f a l l  i n t o  t h i s  category:  hydrogen i n  
both opt ions;  g lass  i n  t h e  s i l i c o n  opt ion;  and sapphire and t e f l o n  i n  the  
g a l l i u m  opt ion .  
category w i t h  respec t  t o  t h e  p o t e n t i a l  s c a r c i t y  o f  c o n s t i t u e n t  raw m a t e r i a l s .  
I n  a l l  f o u r  cases, m a t e r i a l s  cannot be assigned t o  a g r a d i e n t  
I n  t h e  case o f  g lass,  t h e  problem i s  one o f  d e f i n i t i o n .  
(annua l ly )  i n  t h e  Un i ted  States exceeds, by severa l  o rders  o f  magnitude, t h e  
requirements o f  t h e  SPS. 
accord ing t o  t h e  A r t h u r  D. L i t t l e  study (Reference 10) i s  h i g h  p u r i t y  b o r o s i l i -  
c a t e  g lass .  
mate ly  29,000 m e t r i c  tons per  year .  
requirements o f  39,000 tons per  year  would exceed t h e  t o t a l  domestic p roduc t ion  
by 25 percent .  
i s  r e q u i r e d .  
To ta l  g lass manufactured 
The p a r t i c u l a r  k i n d  o f  g lass needed f o r  the  SPS, 
Under t h e  s i l i c o n  concept, SPS annual 
Current  p roduc t ion  l e v e l s  o f  t h i s  b o r o s i l i c a t e  g lass a r e  approx i -  
C l e a r l y ,  s u b s t z n t i a l  expansion o f  t h i s  manufactur ing c a p a c i t y  
There would seem t o  be no p a r t i c u l a r  shortage o f  t h e  raw m a t e r i a l s  f o r  t h i s  o r  
any o t h e r  k i n d  of g lass .  There i s ,  however, an i n t e r r e l a t i o n s h i p  between t h i s  
type  o f  g l a s s  and t h e  need f o r  h igh  p u r i t y  s i l i c o n  which i s  one o f  i t s  major 
i ngred i  en t s  . 
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The t r a n s p o r t a t i o n  fue l  requirements o f  t h e  SPS program i n d i c a t e  a need f o r  
e i t h e r  81,000 m e t r i c  tons per  year  o f  l i q u i d  hydrogen ( g a l l i u m  o p t i o n )  o r  129,000 
m e t r i c  tons per year  ( s i l i c o n  o p t i o n ) .  Both these numbers a r e  s u b s t a n t i a l l y  
h igher  than both the  c u r r e n t  est imated produc t ion  capac i ty  o f  30,000 m e t r i c  tons 
per  year  and the c u r r e n t  est imated annual product ion o f  approximately 19,000 
tons per  year .  I n  t h e  numerous references t o  s p e c i a l i z e d  o r  new manufactur ing 
requirements f o r  t h e  SPS, e.g. , p h o t o c e l l  f a b r i c a t i o n ,  launch v e h i c l e  manufac- 
tu re ,  e tc . ,  no mention i s  made o f  hydrogen product ion o r  p o t e n t i a l  improvement 
i n  t h a t  technology. 
l o g y  can be used t o  increase produc t ion  a t  t h e  same o r  lower  cos t .  Th is  i s  an 
issue f o r  f u r t h e r  research. 
I t  i s  n o t  c l e a r  whether i t  i s  assumed t h a t  c u r r e n t  techno- 
Synthe t ic  sapphire i s  r e q u i r e d  i n  very  l a r g e  amounts f o r  t h e  g a l l i u m  arsenide 
o p t i o n  (over  11,000 m e t r i c  tons per  y e a r ) .  
data source f o r  s y n t h e t i c  sapphire p roduc t ion  a t  t h i s  t ime. C l e a r l y  i t  would be 
i n a p p r o p r i a t e  t o  take more gener ic  s t a t i s t i c s  on s y n t h e t i c  gems and apply  them 
t o  t h i s  need. The Ar thur  D. L i t t l e  s tudy (Reference 10) prov ides l i m i t e d  i n f o r -  
mat ion on t h e  f a b r i c a t i o n  o f  t h i s  m a t e r i a l .  The bas ic  c o n s t i t u e n t  m a t e r i a l  i s  
p u r i f i e d  aluminum t r i o x i d e  (A1203). Apparent ly,  t h i s  m a t e r i a l  i s  a v a i l a b l e  o n l y  
from a sing1 e source i n  Swi tzer land , which produces whatever smal 1 quant i  t i e s  
a re  r e q u i r e d  f o r  use i n  the  m i c r o - e l e c t r o n i c  i n d u s t r y .  The process o f  producing 
s y n t h e t i c  sapphire i s  very  m a t e r i a l  and energy i n t e n s i v e .  Product ion of syn- 
t h e t i c  sapphires i n  t h e  q u a n t i t i e s  needed f o r  t h e  SPS program would exceed known 
wor ld  c a p a c i t y  by several  orders o f  magnitude. 
American technology should, w i t h  an assured market, be a b l e  t o  develop s u f f i -  
c i e n t  domestic capac i ty  f o r  t h e  produc t ion  o f  A1203 and subsequent f a b r i c a t i o n  
of s y n t h e t i c  sapphires. 
P r e l i m i n a r y  research revealed no 
Given s u f f i c i e n t  l e a d  t ime, 
Te f lon  i s  a p r o p r i e t a r y  product  manufactured by DuPont. 
s i o n  of t e f l o n  requirements i s  i n d i c a t e d  by t h e  f a c t  t h a t  under t h e  g a l l i u m  
concept, t h e  3,000 m e t r i c  tons per  year  requirement i s  over  46 percent  of c u r -  
r e n t  product ion (8,300 m e t r i c  tons) .  There appear t o  be no p a r t i c u l a r  raw 
m a t e r i a l  problems associated w i t h  t h i s  except t h a t  one o f  t h e  i n g r e d i e n t s ,  
f l u o r s p a r ,  i s  almost e n t i r e l y  imported. 
The s u b s t a n t i a l  expan- 
Category B Mater ia ls :  
Graphi te  and arsenic f a l l  i n t o  t h i s  category.  Arsenic  i s  i n  t h i s  category o n l y  
fo r  t h e  g a l l i u m  concept, s ince  t h e  amounts r e q u i r e d  f o r  t h e  s i l i c o n  concept a r e  
q u i t e  smal l .  
" I n s u f f i c i e n t  Data f o r  Ana lys is "  
Graphi te i s  est imated t o  account f o r  approx imate ly  75 percent  o f  t h e  g r a p h i t e  
epoxy m a t e r i a l  f o r  t h e  SPS. Based on t h i s  assumption, something i n  excess of 
9,400 m e t r i c  tons per year  would be r e q u i r e d  f o r  e i t h e r  o f  t h e  SPS opt ions .  Th is  
would be a very large,but  n o t  overwhelming,proport ion o f  t h e  approx imate ly  79,000 
m e t r i c  tons o f  g r a p h i t e  imported from a l l  sources i n  1977. There i s  e s s e n t i a l l y  
no source o f  domestic g r a p h i t e  a t  t h i s  t ime. The whole ques t ion  of  impor t  
dependency may be moot s ince  technology has been developed r e c e n t l y  f o r  synthe- 
s i z i n g  graph i te  epoxy from rayon f i b e r s  (Reference 4) .  I f  these f i b e r s  a r e  heat  
t r e a t e d  (baked), t h e  f i b e r s  a l i g n  i n  t h e  same d i r e c t i o n  and t h e  s y n t h e t i c  
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i 
m a t e r i a l  may i n  f a c t  p rov ide  b e t t e r  con t ro l  o f  g r a i n  r e g u l a r i t y  than w i t h  
na tu ra l  g r a p h i t e  f i b e r .  
i t  can be expanded t o  f i l l  SPS-generated demand has n o t  y e t  been determined. 
s y n t h e t i c  processing i s  adequate t o  meet the  needs o f  t he  SPS program, the re  
would be no r a w  m a t e r i a l s  problem s ince  the bas i c  raw m a t e r i a l ,  rayon, i s  a 
f o r e s t  f i b e r  product.  
technology, t h i s  m a t e r i a l  cannot be c l a s s i f i e d  as t o  i t s  c r i t i c a l i t y .  
The technology i s  r e l a t i v e l y  new and t h e  e x t e n t  t o  which 
I f  
Without f u r t h e r  research i n t o  the a d a p t a b i l i t y  of t h i s  
The arsen ic  manufactur ing problem appears t c  be more p o l i t i c a l  than techno log ica l  
According t o  the  A r t h u r  D. L i t t l e  study (Reference 10) the re  i s  p r e s e n t l y  o n l y  
one f a c i l i t y  i n  the Un i ted  States which produces the  h igh  p u r i t y  a rsen ic  t h a t  
w i l l  be needed f o r  manufacture of g a l l i u m  arsenide. This  product ion,  which i s  
c u r r e n t l y  i n  r e l a t i v e l y  small q u a n t i t i e s ,  i s  based on a by-product process o f  
copper smel t ing.  There has a l s o  been considerable environmental res i s tance  t o  
expansion o f  t h e  ou tpu t  and/or use o f  arsenic .  Changes i n  those a t t i t u d e s  would 
probably be a p r e r e q u i s i t e  t o  s i g n i f i c a n t  f u r t h e r  by-product e x t r a c t i o n  o r  manu- 
f a c t u r i n g  capac i t y  expansion i n  t h i s  country.  
a rsen ic  a r e  requ i red  under t h e  g a l l i u m  opt ion,  t h i s  has been c l a s s i f i e d  as needir 
f u r t h e r  p r imary  research. 
area i n  which manufactur ing was t h e  major issue. 
Since very  l a r g e  q u a n t i t i e s  of 
Arguably, i t  could a l s o  have been c l a s s i f i e d  as an 
Issues Raised i n  C l a s s i f i c a t i o n  E f f o r t  
Several methodological  and d e f i n i t i o n a l  issues have been r a i s e d  i n  t h e  at tempt 
t o  c l a s s i f y  SPS ma te r ia l s .  These inc lude:  
1. D e f i n i t i o n  as r e l a t e d  t o  p u r i t y :  a rsen ic ,  g lass,  g raph i te ,  s i l i c o n .  
2. 
3 .  
4. 
5. 
D e f i n i t i o n  as r e l a t e d  t o  components o f  m a t e r i a l s  l i s t e d  as compounds: 
g a l l i u m  arsenide. 
D e f i n i t i o n  o f  m a t e r i a l s  i d e n t i f i e d  by gener ic  o r  p r o p r i e t a r y  name: 
ceramics , concrete , g l  ass , kapton , t e f l  on. 
Resource m a t e r i a l s  produced as a by-product o f  o t h e r  mineral  r e f i n i n g  
processes: a rsen ic ,  ga l l ium,  s i l v e r .  
The problem o f  separa t ing  manufacturing requirements from raw m a t e r i a l  
requirements: 
t e f l  on. 
a rsen ic ,  g lass,  hydrogen, kapton, oxygen, sapphire, 
The fo rego ing  l i s t  i s  obv ious ly  o n l y  p a r t i a l .  
than  one l i s t .  The important t h i n g  here i s  t h a t  these dimensions o r  aspects of 
corn onent m a t e r i a l s  should be much b e t t e r  de f i ned  i f  f u r t h e r  c r i t i c a l  m a t e r i a l s  
Many m a t e r i a l s  appear on more 
eva 7 u a t i o n  i s  t o  be systematic and accurate. 
1-7. GENERAL FEATURES OF A PRACTICAL APPROACH TO CRITICAL MATERIALS 
The fo rego ing  research, desp i te  i t s  1 i m i t e d  scope, provides some i n s i g h t s  i n to  
t h e  requirements f o r  an e f fec t i ve  approach t o  i d e n t i f y i n g  and eva lua t i ng  c r i t i -  
c a l  m a t e r i a l s .  To be e f fec t i ve ,  any approach must deal w i t h  the  problem t h a t ,  
considered i n  i t s  broadest sense, the c r i t i c a l  m a t e r i a l s  issue cou ld  be 
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i n v e s t i g a t e d  i n  i n f i n i t e  d e t a i l .  A p r a c t i c a l  approach t o  c r i t i c a l  m a t e r i a l s  
eva lua t i on  should be as cos t  e f f e c t i v e  and t i m e l y  as poss ib le .  To accomplish 
t h i s ,  such an approach should: 
1. Be as broad as poss ib le  i n  the  i n i t i a l  d e f i n i t i o n  o f  t h e  un iverse  Of 
ma te r ia l s  t o  be examined. 
2. Minimize e labora te  data c o l l e c t i o n  and reduc t i on  e f f o r t s  u n t i l  screening 
i s  completed and t h e  number o f  candidate m a t e r i a l s  i s  reduced. 
3. Provide s p e c i f i c a l l y  f o r  non -quan t i t a t i ve  judgments as w e l l  as quan t i -  
t a t i v e  c r i t e r i a ;  but ,  o n l y  w i t h  a standardized format f o r  p resen ta t i on  
of such judgmental c r i t e r i a .  
4. Generate use fu l  r e s u l t s  even i n  t h e  absence o f  more d e t a i l e d  o r  "harder" 
est imates o f  SPS ma te r ia l s .  
5. Recognize e x p l i c i t l y  t he  f l e x i b i l i t y  and p o t e n t i a l  f o r  change i n  mater- 
i a l s  reserves and the  technology through t h e  year  2000. 
6. Specify i n  advance t h e  form and conten t  o f  subsequent ana lys i s  of 
" c r i t i c a l "  m a t e r i a l s  which s u r v i v e  i n i t i a l  screening. 
7. Allow, i n  t h e  i n t i a l  screening process, f o r  t he  p o s s i b i l i t y  t h a t  some 
mate r ia l s  may be impossible t o  c l a s s i f y  w i t h o u t  a d d i t i o n a l  p r imary  
research. 
Recomnended Three-phase Approach 
If c r i t i c a l  ma te r ia l s  eva lua t i on  i s  t o  be achieved p r i o r  t o  r e a l  "hardening" of 
t h e  SPS design, i t  should proceed i n  several  phases. The f i r s t  phase should be 
a screening phase i n  which a generous o r  broad d e f i n i t i o n  of p o t e n t i a l  " c r i t i -  
c a l i t y "  should be used t o  i s o l a t e  those m a t e r i a l s  r e q u i r i n g  f u r t h e r  eva lua t i on  
and e l i m i n a t i n g  those f o r  which t h e  demand w i l l  be t r i v i a l  i n  the  con tex t  of 
c u r r e n t  and f u t u r e  p roduc t ion .  
To accomplish t h i s ,  a three-phase approach i s  recommended, s p e c i f i c a l l y  
recogn iz ing  the  separate na ture  o f  t he  screening process and t h e  subsequent 
in -depth  eva lua t ion  process. The th ree  major phases proposed are:  
Phase 1 : Comprehensive i n i t i a l  screening. 
Phase 2: C l a s s i f i c a t i o n  of i n i t i a l l y  u n c l a s s i f i a b l e  m a t e r i a l s .  
Phase 3: In-depth eva lua t i on  o f  
1-8. PHASE 1: COMPREHENSIVE INITIAL -
The major elements o f  t he  f i r s t  phase 
m a t e r i a l s  eva lua t ion  are presented be 
represent a set o f  general parameters 
d e t a i  1 ed procedure. 
s u r v i v i n g  " c r i t i c a l  I' m a t e r i a l s .  
SCREENING PROCESS 
o f  t h e  proposed approach t o  c r i t i c a l  
ow i n  o u t l i n e  form. These a r e  intended t o  
f o r  such an i n v e s t i g a t i o n  r a t h e r  than a 
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Expanded D e f i n i t i o n  o f  t h e  SPS M a t e r i a l s  Universe 
SPS m a t e r i a l s  eva lua t ions  have so f a r  been based on a mass a n a l y s i s  of t h e  system 
components and r e q u i r e d  prope l lan ts .  
processing, m a t e r i a l s  r e q u i r e d  f o r  secondary and t e r t i a r y  resource m a t e r i a l s  
a r e  a l l  omi t ted.  While i t  may be argued t h a t  any systemat ic mass a n a l y s i s  would 
capture these i n d i r e c t  mass requirements, t h e r e  i s  t o o  much v a r i a t i o n  i n  method- 
o logy t o  s imp ly  t r u s t  t h i s  t o  t h e  judgment o f  t h e  ana lys t .  For example, t h e  
B a t t e l l e  PNL methodology does i n  f a c t  deal w i t h  secondary "bu lk "  i n p u t  m a t e r i a l s  
t o  t h e  process, e.g., c r y o l i t e  and carbon f o r  aluminum. 
whether i t  deals  w i t h  m a t e r i a l s  requ i red  f o r  s i g n i f i c a n t  expansion o f  manufac- 
t u r i n g  capac i ty .  
Wastage, a d d i t i o n a l  m a t e r i a l s  r e q u i r e d  i n  
It i s  n o t  c l e a r ,  
It i s  impor tant  i n  t h i s  regard a l s o  t o  d i s t i n g u i s h  raw m a t e r i a l s  i n  t h e i r  n a t u r a l  
o r  e x t r a c t e d  form f rom processed m a t e r i a l s .  
should be i d e n t i f i e d  i n  a l l  cases, perhaps us ing  t h e  PKL methodology. The empha- 
s i s  here i s  on i d e n t i f i c a t i o n  r a t h e r  than q u a n t i f i c a t i o n .  Once a l i s t  o f  second- 
a r y  and t e r t i a r y  m a t e r i a l s ,  i n c l u d i n g  those r e q u i r e d  f o r  s u b s t a n t i a l  expansion 
o f  t h e  manufactur ing process, has been establ ished,  then an i n t e r s e c t i o n a l  o r  
re in forcement  ana lys is  should be undertaken t o  show where several  d i f f e r e n t  
m a t e r i a l s  o r  processes make demands on t h e  same resource. 
Secondary o r  t e r t i a r y  m a t e r i a l s  
Where such i n t e r s e c t i o n s  o r  reinforcements occur, t h i s  m a t e r i a l  should be added 
t o  t h e  l i s t  o f  candidate m a t e r i a l s  f o r  screening. 
demands c o u l d  be based on economic input -ou tpu t  ana lys is ,  t h e  PNL "resources- 
t r e e "  a n a l y s i s  i n  t h e i r  computer model, o r  o t h e r  a v a i l a b l e  techniques. 
This  a n a l y s i s  of i n d i r e c t  
A t  t h e  end o f  t h i s  process t h e r e  should be an expanded universe of m a t e r i a l s  f o r  
examination. 
B e t t e r  D e f i n i t i o n  o f  M a t e r i a l s  
The most c r i t i c a l  aspect o f  b e t t e r  d e f i n i t i o n  concerns p u r i t y  o r  spec ia l  types 
of m a t e r i a l s  t o  be used. As a l ready  noted, t h e  d e f i n i t i o n  o f  " s t r u c t u r a l  
s t e e l " ,  " s i l i c o n " ,  and "g lass" ,  a l l  had t o  be researched even a t  t h i s  pr imary 
l e v e l  o f  c l a s s i f i c a t i o n .  There may be o t h e r  m a t e r i a l s  o f  s i m i l a r  s p e c i a l i z e d  
p u r i t i e s  o r  a p p l i c a t i o n s  which a r e  n o t  ev ident  from t h e i r  s imple d e f i n i t i o n .  
I t  i s  probably  a l s o  impor tant  t o  segregate, as e a r l y  as poss ib le ,  those mater- 
i a l s  f o r  which t h e  raw m a t e r i a l s  a re  more o r  l e s s  " u n i v e r s a l l y  a v a i l a b l e "  and 
f o r  which the  r e a l  c o n s t r a i n t  i s  manufactur ing c a p a c i t y .  
m a t e r i a l s  inc lude:  
kapton, e t c .  
Examples o f  these 
hydrogen, oxygen, s y n t h e t i c  sapphires, ceramics, t e f l o n ,  
The development o f  t h e  SPS w i l l  necessar i l y  i n v o l v e  c r e a t i o n  o f  a g r e a t  deal more 
manufactur ing capac i ty  i n  several  d i f f e r e n t  areas. New r o c k e t  f u e l  p lan ts ,  
f a b r i c a t i o n  o f  space veh ic les ,  f a b r i c a t i o n  o f  t h e  s o l a r  c e l l  a r ray ,  and a wide 
v a r i e t y  o f  o t h e r  system requirements w i l l  c rea te  whole new i n d u s t r i e s .  
t ime,  i t  would seem i n a p p r o p r i a t e  t o  segregate r e q u i r e d  a d d i t i o n s  t o  hydrogen 
A t  t h i s  
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o r  glass manufacturing capac i ty  from these o t h e r  system requirements. 
t h e  economic eva lua t ion  of  t h i s  p r o j e c t  should i n c l u d e  a cons idera t ion  of  the  
a d d i t i o n a l  manufactur ing capac i ty  requ i red .  
a l s o  inc lude p o t e n t i a l  p o s i t i v e  b e n e f i t s  on t h e  n a t i o n a l  economy of t h i s  expansion 
I n  any case, the increase i n  manufacturing capac i ty  r e q u i r e d  as a func t ion  o f  t h e  
SPS program should be t r e a t e d  as a separate issue from m a t e r i a l s  a v a i l a b i l i t y .  
Obviously 
Arguably, such an e v a l u a t i o n  should 
Documented and Systematic Approach t o  Screening 
The key c h a r a c t e r i s t i c s  o f  a systemat ic approach t o  screening which i s  cos t -  
e f f e c t i v e  would c o n t a i n  t h e  f o l l o w i n g  elements: 
1. The approach should be based on t h e  a v a i l a b l e  and, inso far  as poss ib le ,  
cons is ten t  data sources. 
2. There should be q u a n t i f i e d  thresholds,  e.g., percent  o f  c u r r e n t  produc- 
t i o n ,  percent o f  c u r r e n t  and p r o j e c t e d  reserves, percent  of  imports.  
3.  Q u a n t i f i e d  thresholds may i n  f a c t  be mixed f u n c t i o n a l  r e l a t i o n s h i p s ,  e.g. 
percentage thresholds o f  domestic p roduc t ion  may be changed as a f u n c t i o n  
o f  t h e  percentage o f  raw m a t e r i a l s  imported. 
4.  The model should p rov ide  f o r  judgmental i n p u t  i n  such areas as p o t e n t i a l  
s u b s t i t u t i o n  o f  o t h e r  mater ia ls ,  impor t  s e n s i t i v i t y  and prospects f o r  
technologica l  change. 
5. Judgmental o r  o t h e r  non-quant i f ied  f a c t o r s  should be t r e a t e d  i n  t h e  
standard format  and c l a s s i f i e d  f o r  a l l  b u t  t h e  most t r i v i a l  cases. They 
should no t  be in t roduced o n l y  on an ad hoc bas is .  
6. Per u n i t  and t o t a l  annual energy requirements f o r  each m a t e r i a l  should be 
i d e n t i f i e d  and compared t o  some pre-establ  ished c r i t i c a l  energy thresholc  
e.g., one percent  o f  SPS annual energy o u t p u t  ( J o i n t  task  w i t h  f u r t h e r  
energy ana lys is  e f f o r t s  recommended i n  Sect ion 11). 
The requirements f o r  " a v a i l a b l e  and c o n s i s t e n t  data"  presents  an i n t e r e s t i n g  isSue 
I t i s  probably  p re fe rab le  t h a t  t h e  "need f o r  f u r t h e r  pr imary research" be an ou t -  
p u t  o f  t h e  i n i t i a l  screening process r a t h e r  than a p r e r e q u i s i t e  t o  it. 
almost i n e v i t a b l e  t h a t  c l a s s i f i c a t i o n  o f  one o r  more m a t e r i a l s  based o n l y  on 
publ ished data w i l l  be impossible and t h e r e  w i l l  be a need f o r  f u r t h e r  pr imary 
research. 
been completed i s  probably  d e s i r a b l e  f o r  two reasons. F i r s t  o f  a l l ,  m a t e r i a l s  
requirements may change. 
these areas might w e l l  be e a s i e r  t o  c o n t r o l  and be more c o s t  e f f e c t i v e .  
S e n s i t i v i t y  Analys is  of the  Screening Model 
I t  i s  
Postponing t h i s  pr imary research u n t i l  a f t e r  t h e  screening process has 
Secondly, smal le r -sca le  focused research s t u d i e s  i n  
The i n i t i a l  screening model should be sub.iect t o  some s e n s i t i v i t v  a n a l y s i s  t o  
determine how much the number o f  m a t e r i a l s  c l a s s i f i e d  as ' l c r i t i c ' g l ' '  w&ld change 
i n  response t o  s h i f t s  i n  e i t h e r  t h e  q u a n t i t a t i v e  o r  judgmental th resho lds  employed. 
I t m i  h t  be very-usefu l  t o  know how many more m a t e r i a l s  would be c r i t i c a l  if a 
t h r e s  8 o l d  was r a i s e d  o r  dropped. 
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1-9. PHASE 2:  CLASSIFICATION OF INITIALLY UNCLASSIFIABLE VARIABLES 
Given the  parameters s e t  f o r t h  above f o r  Phase 1 o f  t he  eva lua t i on  process, it 
seems q u i t e  l i k e l y  t h a t  some m a t e r i a l s  w i l l  emerge from t h i s  process as being 
u n c l a s s i f i a b l e  w i thou t  f u r t h e r  pr imary research. 
cess i s  designed t o  accomplish t h a t  primary research b u t  o n l y  a f t e r  having an 
o p p o r t u n i t y  t o  review the c h a r a c t e r i s t i c s  o f  t h e  o t h e r  m a t e r i a l s .  
would, t o  some degree, harden t h e  d e f i n i t i o n  o f  what c o n s t i t u t e d  a " c r i t i c a l "  
m a t e r i a l .  
such a d d i t i o n a l  pr imary research. 
This  second phase or" t he  pro- 
This  review 
This  i n  t u r n  would pe rm i t  a b e t t e r  statement o f  how f a r  t o  go i n  
1-1 0. PHASE 3 :  IN-DEPTH EVALUATION OF S U R V I V I r i G  CRITICAL MATERIALS 
The scope and format o f  t he  subsequent in-depth eva lua t i on  of those m a t e r i a l s  
determined t o  be c r i t i c a l  should be se t  a t  t h e  e a r l i e s t  poss ib le  date.  
i t  i s  almost mandatory t h a t  t he  requirements o f  t h i s  in -depth  ana lys i s  be s e t  
f o r t h  even be fo re  the  screening process begins. 
would be d i f f i c u l t  t o  avoid " r e i n v e n t i n g  the wheel'' o r  going back over the  same 
ground once a m a t e r i a l  has been de f ined as " c r i t i c a l " .  
Suggested Elements o f  an In-Depth Analysis 
The f o l l o w i n g  h i g h l y  t e n t a t i v e  l i s t  o f  items has been developed f o r  such 
in -depth  ana lys i s :  
I n  fac t ,  
I n  t h e  absence of t h i s ,  i t  
1. 
2. 
3 .  
4. 
5. 
D e t a i l e d  p r o j e c t i o n  o f  domestic, Nor th  American, and wor ld  suppl ies:  
Supply i n  t h i s  con tex t  t o  mean known reserves, probable reserves, and 
some hiclhl y t e n t a t i v e  est imate of "resources", w i t h  f u r t h e r  c l a s s i f i -  
c a t i o n  by count ry  o f  o r i g i n  f o r  those i n  which some s p e c i f i e d  percentage 
o f  reserves i s  o u t s i d e  North America. 
D e t a i l e d  ana lys i s  o f  p ro jec ted  increases i n  demand f o r  non-SPS uses; 
and the  p o t e n t i a l  f o r  ma te r ia l s  s u b s t i t u t i o n  i n  these o the r  uses. 
example would be increased use o f  aluminuo i n  automobiles. 
Eva1 u a t i o n  o f  p o t e n t i a l  technologica l  changes t o  improve recovery of  
t h e  f i n a l  m a t e r i a l  from raw mate r ia l  sources, i n c l u d i n g  b u t  n o t  l i m i t e d  
t o  use o f :  
aluminum, improved mining, improved processing, and r e f i n i n g .  
E x p l i c i t  cons ide ra t i on  o f  whether p r o v i d i n g  an equ iva len t  amount o f  
power w i t h  p re-se lec ted  a l t e r n a t i v e  technology, e.g. , coal ,  nuc lear ,  
would use s i g n i f i c a n t l y  l e s s  o f  t h e  m a t e r i a l  i n  quest ion.  
One 
new source ma te r ia l s ,  e.g., k a o l i n  i ns tead  o f  baux i te  f o r  
E x p l i c i t  t reatment o f  c u r r e n t  pr ices,  recent  p r i c e  t rends, p ro jec ted  
p r i c e  e l a s t i c i t y ,  and u l t i m a t e  impact on the  t o t a l  c o s t  of the SPS. 
Obviously,  f o r  any m a t e r i a l s  c l a s s i f i e d  as genuinely " c r i t i c a l  ' I ,  t he re  should be 
a h i g h  degree o f  i n t e r a c t i o n  w i t h  the  design e f f o r t  f o r  t h e  SPS. 
t h i s  i n t e r a c t i o n  should i n v o l v e  a thorough i n v e s t i g a t i o n  o f  t h e  p o t e n t i a l  f o r  
s u b s t i t u t i n g  a1 t e r n a t i v e  m a t e r i a l s  f o r  the one designated as " c r i t i c a l " .  
i n v e s t i g a t i o n  of s u b s t i t u t i o n  should consider both t h e  techno log ica l  problems 
S p e c i f i c a l l y ,  
Th is  
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and t h e  cos t  impact. The cos t  impact i n  t h i s  con tex t  should be expressed both 
i n  abso lu te  terms and i n  r e l a t i o n  t o  t h e  est imated c o s t  impact o f  t h e  m a t e r i a l  
i n  ques t ion  as revealed i n  the ana lys i s  o f  p r i c e  e l a s t i c i t y .  
1-11. NEED FOR BETTER SPS MATERIALS ESTIMATES 
General Requirements f o r  C r i t i c a l  M a t e r i a l s  Ana lys is  
There i s  an i n e v i t a b l e  and unavoidable tens ion  between t h e  need fo r  p r e c i s e  
q u a n t i t y  est imates f o r  t h i s  process and the  i n h e r e n t l y  p r e l i m i n a r y  and undefined 
na tu re  o f  a "reference concept" design o f  t h e  SPS. 
paper, focuses on those aspects o f  m a t e r i a l s  est imates ref inements t h a t  can be 
achieved w i t h i n  the framework o f  a " re fe rence concept' '  design. Perhaps one of 
the most important general requirements i s  t h a t  m a t e r i a l s  requirements be sum- 
marized. Except f o r  t h e  b r i e f i n g s ,  t h e  general l i t e r a t u r e  on t h e  SPS presents 
o n l y  t h e  u n i t  requirements per veh ic le ,  per launch, per square meter of  s o l a r  
c e l l  area, etc. 
s i z e  of  t h e  so la r  a r ray ,  t h e  t rans fo rma t ion  o f  t h e  m a t e r i a l s  est imates f o r  sev- 
e r a l  d i f f e r e n t  components i n t o  a t o t a l  system requirement i s  a complex process 
best  undertaken by the people who prepare t h e  i n i t i a l  est imates.  
Another generic problem concerns t h e  un iverse  o f  m a t e r i a l s .  
b r i e f i n g  documents do n o t  i n d i c a t e  how broad the  scope o f  t h e  m a t e r i a l s  ana lys i s  
i s .  I t  appears i n  most cases o n l y  t o  r e l a t e  t o  the  mass o f  t he  s a t e l l i t e  and 
t h e  mass of the t r a n s p o r t a t i o n  veh ic les  and r e q u i r e d  f u e l .  
whether est imates i nc lude  command and c o n t r o l  systems, ground support  systems 
and launch f a c i l i t i e s ,  e t c .  
s t a t e d  i nc lud ing  t i m i n g  cons idera t ions  where annual requirements a re  n o t  uniform. 
This s e c t i o n  o f  t h e  wh i te  
While i n fo rma t ion  i s  o f t e n  g iven on t h e  number of launches, t h e  
Un fo r tuna te l y ,  t h e  
I t  i s  o f t e n  unc lea r  
The terms o f  re fe rence should always be c l e a r l y  
The fo rego ing  comnents w i t h  respec t  t o  t h e  terms o f  re fe rence  should n o t  be 
taken as a requirement t o  account f o r  even t h e  most minor m a t e r i a l s .  
more important i s  t h a t  t h e  terms o f  re fe rence c l e a r l y  s t a t e  what i s  being 
accounted f o r  and what i s  being excluded. 
be given, poss ib ly  i n  t h e  form o f  a t o t a l  mass o r  t h e  s imple a s s e r t i o n  t h a t  
these a re  standard components r e a d i l y  a v a i l a b l e .  
B e t t e r  D e f i n i t i o n  o f  M a t e r i a l s  
A b e t t e r  d e f i n i t i o n  o f  t h e  m a t e r i a l  i tems i s  probably even more impor tan t  than 
b e t t e r  q u a n t i t a t i v e  est imates.  One c r i t i c a l  r e s u l t  of t h i s  research has been 
t o  i n d i c a t e  how impor tan t  i t  i s  t o  s t a t e  p u r i t y ,  spec ia l  a p p l i c a t i o n s ,  and even, 
i n  some cases, t h e  phys ica l  dimensions o f  t h e  m a t e r i a l .  
A p a r a l l e l  and e q u a l l y  c r i t i c a l  i ssue  i s  t h e  separa t i on  o f  m a t e r i a l s  as between 
those which depend u l t i m a t e l y  on raw m a t e r i a l  a v a i l a b i l i t y  and those which 
depend on manufacturing and processing. A c l e a r  i n d i c a t i o n  o f  which m a t e r i a l s  
a re  o r  cou ld  be s y n t h e t i c  i s  c r i t i c a l .  
What i s  
The reason f o r  t h e  exc lus ion  should 
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Explicit Treatment of Quantitative Uncertainty 
Recognizing the difficulty involved in coming up with precise materials quanti- 
ties, it would seem that this problem could be dealt with by specifying the 
levels of uncertainty. This type of uncertainty treatment is characteristic of 
many forms of similar analysis, e.g. , energy requirements, etc. Tolerances 
for each of the materials quantity estimates should be given. With these toler- 
ances, a quantitative estimate of uncertainty could be established and reflected 
in the initial screening model. Obviously, surviving "critical" materials would, 
in the third and final phase of the evaluation process, be scrutinized to reduce 
the tolerance. One of the key by-products of the approach is that it could focus 
the need to refine quantity estimates on only those materials which present a 
potentially critical problem. 
as giving better estimates for all materials when better estimates for all mater- 
ials are not really needed. 
At the present time, the problem is often stated 
Deferral of Refined Estimating Efforts 
As noted above, it would appear that any attempts to significantly refine mater- 
ial quantity estimates can reasonably be postponed until a later stage in the 
evaluation process at least from the point of view of critical materials eval- 
uation. 
identified is the arduous and often highly judgmental exercise of assigning 
specific numbers to unspecific concepts really warranted. 
Only when those materials that are potentially critical have been 
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11. ENERGY ANALYSIS 
11-1. INTRODUCTION 
Background and General Object ives 
The s t a t e d  o b j e c t i v e  o f  t h i s  p a r t  o f  t h e  study i s  t o  rev iew and summarize p r i o r  
study e f f o r t s  which t r e a t  t h e  problem o f  the energy r e q u i r e d  t o  develop and 
operate the  SPS. 
(1)  assembly and a n a l y s i s  o f  r e l e v a n t  l i t e r a t u r e ;  ( 2 )  establ ishment of a l i s t  of 
issues and quest ions t h a t  must be resolved; and ( 3 )  i d e n t i f i c a t i o n  of unresolved 
issues and unanswered quest ions together  w i t h  recommendations o f  an approach t o  
dea l ing  w i t h  them. 
The statement o f  work i d e n t i f i e s  t h r e e  general tasks:  
The e s t i m a t i o n  o f  energy requirements i s  a new and emerging d i s c i p l i n e ,  r e f e r r e d  
t o  v a r i o u s l y  as "energy a n a l y s i s  , I '  O r  ''energy resource accounting." "Net Energy 
Analys is"  i s  a r e l a t e d  b u t  more narrowly  def ined process. 
methodological  rev iew i s  c r i t i c a l  if SPS energy requirements a r e  t o  be compared 
t o  those of a1 t e r n a t i v e  power generat ion technologies.  
D e f i n i t i o n  o f  Net Energy 
The Federal Non-Nuclear Energy Research and Development Ac t  o f  1974, PL 93-577 
5 ( a ) ( 5 ) ,  s t i p u l a t e s  t h a t  " p o t e n t i a l  f o r  product ion o f  n e t  energy by t h e  proposed 
technology a t  t h e  s t a t e  o f  commercial a p p l i c a t i o n  s h a l l  be analyzed and consid- 
ered i n  e v a l u a t i n g  proposals."  As noted i n  one recent  overview o f  n e t  energy 
ana lys is ,  t h i s  law, "does n o t  d e f i n e  n e t  energy and, t o  date, e f f o r t s  of many 
ana lys ts  t o  a r r i v e  a t  a unique d e f i n i t i o n  have f a i l e d .  The c o n t i n u i n g  debate 
over  t h e  m e r i t s  o f  n e t  energy ana lys is  and t h e  ambigui ty  invo lved i n  i t s  a p p l i -  
c a t i o n  r e s u l t  i n  an i n t e r e s t i n g  chal lenge o t  determin ing now t o  aanere t o  t h e  
requirements o f  ( t h e  law) . "  
Some i n i t i a l  
(Reference 11 . ) l  
It i s  c l e a r  t h a t  t h e  bas ic  premise i s  t h a t  " i t takes energy t o  ge t  energy." A 
working genera l ized d e f i n i t i o n  o f  n e t  energy a n a l y s i s  would be the  comparison 
of t h e  energy produced by a system t o  t h e  energy r e q u i r e d  t o  c r e a t e  and operate 
i t . 
Key Issues and Organizat ion o f  t h e  Analysis 
The t y p i c a l  ou tpu t  o f  n e t  energy a n a l y s i s  i s  a n e t  energy r a t i o  which expresses 
t h e  energy generated by a process ( a f t e r  s u b t r a c t i n g  t h e  energy r e q u i r e d  t o  
c r e a t e  and operate i t )  as a p r o p o r t i o n  o f  t h e  t o t a l  energy ou tpu t  o f  t h e  process. 
Th is  concept o f  n e t  energy ana lys is  has been chal lenged on several  grounds. 
There a r e  many who quest ion whether i t  i s  wor thwh i le  t o  even undertake it. Many 
exper ts  f e e l  t h a t  i t  adds no th ing  t o  and may be redundant t o  economic ana lys is .  
Even among t h e  sponsors of energy analys is ,  t h e r e  i s  a growing tendency t o  
de-emphasize use of a s i n g l e  "ne t  energy r a t i o "  number. Many f e e l  i t  i s  a poor 
r e p r e s e n t a t i o n  o f  a complex and heterogeneous s e t  o f  component requirements. 
References i d e n t i f i e d  w i t h  numbers only  a r e  l i s t e d  a t  t h e  end o f  t h i s  sec t ion .  
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The imnediate ly  fo l low ing  s e c t i o n  o f  t h i s  r e p o r t  (11-2) deals  w i t h  
o b j e c t i v e s ,  and v a l i d i t y  o f  energy ana lys is .  
d e l i b e r a t e l y  ins tead o f  n e t  energy a n a l y s i s  t o  i n d i c a t e  the expanded and more 
disaggregated concept. Some p h i l o s o p h i c a l  and methodological  issues of energy 
ana lys is  which apply  t o  t h e  SPS a r e  considered. 
The term "energy a n a l y s i s "  i s  used 
Sect ion 11-3 reviews a1 t e r n a t i v e  methodologies and at tempts t o  summarize t h e i r  
weaknesses and s t rengths.  
s p e c i f i c a l l y  t o  the  SPS. 
review o f  i t s  r a t h e r  l i m i t e d  e x i s t i n g  l i t e r a t u r e ,  comprises Sect ion 11-4. 
A recommended approach t o  energy a n a l y s i s  f o r  t h e  SPS i s  discussed i n  t h e  fo l low-  
i n g  s e c t i o n  (11-5), and t h e  r e p o r t  concludes w i t h  a b r i e f  rev iew o f  some spe- 
c i a l i z e d  issues t h a t  apply  t o  t h e  SPS. 
Th is  summary inc ludes again an at tempt  t o  r e l a t e  them 
The s t a t u s  o f  energy a n a l y s i s  o f  t h e  SPS, i n c l u d i n g  a 
11-2. ENERGY ANALYSIS: DEFINITIONS , OBJECTIVES, AND VALIDITY 
D e f i n i t i o n s  
E x h i b i t  11-1 presents a t h e o r e t i c a l  energy system l a b e l e d  as an "energy recovery- 
power generat ion system." The c e n t r a l  box on t h e  c h a r t  inc ludes  ( f u e l )  
e x t r a c t i o n ,  ( f u e l  ) processing , t r a n s p o r t a t i o n ,  and conversion ( t o  e l e c t r i c i t y )  , 
which app ly  t o  most e x i s t i n g  generat ing systems. Throughout t h e  a n a l y s i s  , r e f -  
erences a r e  made t o  power generat ing systems a l though most o f  t h e  concepts a r e  
a p p l i c a b l e  t o  any energy using/energy producing process. 
I n  the  diagram i n  E x h i b i t  11-1, energy f lows i n t o  t h e  system from some pr imary 
d i r e c t  energy resource ( f u e l ) .  
becomes d i r e c t  energy i n p u t  t o  t h e  system (DEI) o r  i s  unrecovered and i s  resource 
energy l o s t  (REL) e.g. , coal  il l a r s  l e f t  i n  underground coal  mines. The energy 
d e l i v e r e d  i n t o  t h e  system (DEI P undergoes a convers ion process i n  which i n e v i -  
t a b l e  thermodynamic losses a r e  encountered. 
energy losses i n  conversion (ELC) and t h e  u s e f u l  energy produced by t h e  process 
i s  c a l l e d  energy o u t p u t - t o t a l  (EOT). P a r t  o f  t h i s  t o t a l  ou tpu t  may be used t o  
power t h e  ext ract ion-process ing-convers ion process , i n  which case i t  i s  i d e n t i -  
f i e d  as energy ou tpu t  re tu rned (EOR). The balance o f  t h e  energy ou tpu t  i t  
a v a i l a b l e  f o r  use and c o n s t i t u t e s  energy o u t p u t - f i n a l  (EOF). 
I n  o rder  t o  make t h i s  process operate, energ ies a r e  e x t r a c t e d  from the  economy as 
a whole. 
( 1 )  energy subsidy d i r e c t  (ESD), such as t h e  power r e q u i r e d  t o  mine, c lean, o r  
t r a n s p o r t  coal ;  o r  ( 2 )  energy subsid ies embedded i n  m a t e r i a l s  (ESM) , such as t h e  
s tee l  and concrete used i n  t h e  power p l a n t  and generators ,  t h e  t r u c k s  r e q u i r e d  
fo r  t r a n s p o r t ,  e t c .  These energy subs id ies  d e r i v e  i n  t u r n  from pr imary energy 
resources i n  the economy (PER) , e.g. 
energy resource (DER) i s  u s u a l l y  of the  same t y p e  as o t h e r  pr imary resources b u t  
i s  d is t ingu ished from the i n d i r e c t  resources which operate through t h e  subsid ies 
(ESD, ESM). 
The energy conten t  o f  t h i s  resource e i t h e r  
These losses  a r e  i d e n t i f i e d  as 
These energies,  i d e n t i f i e d  as energy subs id ies ,  can take  two forms: 
coal  , o i l  , hydro, o r  nuc lear .  The d i r e c t  
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The boundary o f  t h e  system, as shown by t h e  d o t t e d  l i n e ,  i s  c r i t i c a l .  
boundary i s  drawn i n  such a way as t o  exclude d i r e c t  energy i n p u t s  (DEI) and 
t t  a lso  includes t h e  energy re tu rned t o  operate t h e  process (EOR). 
One formal d e f i n i t i o n  of "ne t  energy'' i s  prov ided by C . W .  B u l l a r d  (Reference 2)  
as f o l l o w s ,  "The term ' n e t  energ ies '  r e f e r s  t o  t h e o u t p u t  of an energy produc t ion  
system determined by t a k i n g  f u l l  account o f  t h e  energy requ i red  f o r  i n p u t s  t o  
the  process. 
Examples o f  d i r e c t  energy inc lude t h a t  used t o  power o i l  w e l l s  and energy con- 
sumed i n  r e f i n i n g  processes. I n d i r e c t  energy uses i n c l u d e  t h a t  used t o  manu- 
f a c t u r e  t h e  s tee l  and pipes f o r  r e f i n e r i e s ,  p i p e l i n e s ,  tankers,  e t c . "  I n  t h i s  
d e f i n i t i o n ,  t h e  d i r e c t  and i n d i r e c t  uses descr ibed correspond t o  t h e  energy 
subsid ies (ESD, ESM) descr ibed i n  E x h i b i t  11-1. The term "energy subsidy" seems 
somewhat more appropr ia te here s ince  t h e r e  i s  a confus ion between d i r e c t  e n x g y  
as fuel i n p u t  t o  t h e  process and energies withdrawn from t h e  economy t o  operate 
t h e  process. 
Development Sciences, Inc.  (References 6 and 7 ) .  
The net  ou tpu t  o f  t h e  system i s  shown i n  Equat ion ( 1 )  on E x h i b i t  11-1. 
energy ou tpu t  (EOT) i s  reduced by both types o f  energy subsid ies (ESD S ESt l )  
and by t h e  energy re tu rned t o  the  system (EOR) .  
Th is  
Energy used d i r e c t l y  as w e l l  as i n d i r e c t l y  must be considered. 
The term "energy subsidy" i s  a c e n t r a l  concept i n  t h e  e a r l y  work of 
To ta l  
A l l  equations presented i n  E x h i b i t  11-1 represent  t h e  e n t i r e  energy ou tpu t  and 
a l l  energy requirements over t h e  system's 1 i f e t i m e .  
Energy subsidy i s  u s u a l l y  expressed as a number o f  subsidy energy u n i t s  ( B t u ' s )  
per Btu o f  f i n a l  ou tpu t  and i s  c a l c u l a t e d  as shown i n  Equat ion (2 ) .  
The most f requent ly  used r a t i o  i s  t h e  "energy r a t i o "  shown i n  Equat ion ( 3 ) .  
Th is  r a t i o  i s  o f t e n  c a l l e d  t h e  n e t  energy r a t i o  (abbrev iated "N" o r  "NER"). 
Th is  r a t i o  expresses f i n a l  energy ou tpu t  as a m u l t i p l e  o f  t h e  t o t a l  energy 
requ i red  t o  generate t h a t  output .  
the  energy subsidies a r e  considered and n o t  t h e  energy i n p u t .  Th is  i s  t h e  key 
r a t i o  associated w i t h  t h e  so c a l l e d  "energy l i m i t . "  
below 1.0, then the energy system produces l e s s  energy than i t  consumes i n  i t s  
c r e a t i o n  and operat ion,  even exc lud ing  t h e  f u e l  i t  consumes. 
t y p i c a l l y  q u i t e  h i g h  f o r  most power generat ion technologies.  
A second and much l e s s  w ide ly  used r a t i o  i s  t h e  "energy r a t i o  ( f u e l - i n c l u d e d ) "  
shown i n  Equation (4 ) .  
the  sum o f  t h e  energy subsid ies p lus  t h e  d i r e c t  energy i n p u t .  Due t o  t h e  laws 
of thermodynamics, t h i s  r a t i o  w i l l  always be l e s s  than one, s ince  i t  i s  impossi-  
b l e  t o  recover  a l l  the  energy content  of a f u e l .  The d i s t i n c t i o n  between t h e  
f u e l - i n c l u d e d  and fue l -exc luded r a t i o  i s  p a r t i c u l a r l y  s i g n i f i c a n t ,  s ince,  f o r  
the  SPS, the t w o  r a t i o s  a re  the  same. Only if t h e  sun i s  considered t o  be a 
dep le tab le  f u e l  resource, which i s  c l e a r l y  o u t s i d e  t h e  scope o f  any c u r r e n t  t i m e  
frame, cou ld  the fue l - inc luded r a t i o  be any d i f f e r e n t  than t h e  fue l -exc luded 
r a t i o .  Th is  i s  no t  t o  say t h a t  the energy r a t i o  f o r  s o l a r  systems c o u l d  n o t  be 
l e s s  than one. This  would occur, however, o n l y  i f  t h e  energy subsid ies exceeded 
f i n a l  energy output.  
The term " f u e l  excluded" i n d i c a t e s  t h a t  o n l y  
I f  t h i s  r a t i o  i s  near o r  
This  r a t i o  i s  
I n  t h i s  equation, t h e  f i n a l  energy ou tpu t  i s  d i v i d e d  by 
The term " n e t  energy a n a l y s i s "  may, i n  t h e  narrowest sense, be at tached t o  the  
computation o f  t h e  n e t  energy r a t i o  as i n  Equation (3) .  There i s  a widespread 
and growing consensus among energy ana lys ts  , t h a t  t h i s  s ing le-va lued approach 
i s ,  a t  best ,  incomplete and, a t  worst ,  misleading. 
broader approach t o  t h e  problem, i d e n t i f i e d  as "energy accounting' '  o r  "energy 
resource account ing."  The o b j e c t i v e  then i s  n o t  t h e  computation o f  any s p e c i f i c  
r a t i o ,  b u t  r a t h e r  s imply t h e  e s t i m a t i o n  o f  t h e  pr imary energy requirements 
embodied i n  t h e  energy subsid ies.  
shown i n  E x h i b i t  11-1, t h e  u l t i m a t e  sources f o r  t h e  energy subsid ies (ESD & ESM). 
The emphasis here i s  on t h e  simple es t imat ion  o f  t h e  pr imary energy resources 
r e q u i r e d  per  u n i t  o f  f i n a l  energy ou tpu t ,  e.g., t h e  coal ,  o i l ,  nuc lear  resources 
r e q u i r e d  per  k i l o w a t t  hour. 
Many ana lys ts  propose a 
These pr imary energy resources (PER) are,  as 
There a r e  two measures o f  pr imary energy resources used i n  energy resource 
account ing.  The general convent ion i s  t o  measure pr imary energy resources, e.g., 
coal  , crude o i l ,  and n a t u r a l  gas, as they  a r e  e x t r a c t e d  f rom t h e  ear th .  More 
e labora te  t reatments deal w i t h  "resources -- i n  s i t u , "  i n c l u d i n g  t h e  unrecovered 
r e s ~ u r c e  l o f t  i n  t h e  g r n i m i .  
i n c l u d e  bo th  ex t rac ted  energy resources and those l e f t  i n  t h e  ground as unre- 
covered (PER p lus  PEL). 
t h e  sum o f  those ex t rac ted  and those l e f t  unrecovered (DEI p l u s  m. 
Estimates o f  pr imary energy resources i n  s i t u  
S i m i l a r l y ,  d i r e c t  energy resources (in s i t u )  represent  
The "energy payback per iod,"  u s u a l l y  expressed i n  years,  i s  t h e  t ime r e q u i r e d  t o  
generate f i n a l  energy o u t p u t  equal t o  t h e  i n t i a l  energy expended i n  c r e a t i n g  
the  genera t ion  system. The equat ion f o r  t h i s  i s  shown below: 
ESDin i  t i a l  +ESMin i  t i a l  
EOF, n n u a 1 - ( E sDa n n u a 1 +E '"ann u a 1 
( t s j  Energy Payback ( i n  yedr-s) = 
The computat ion o f  an energy payback per iod  r e q u i r e s  t h e  separat ion o f  t o t a l  
energy subsidy (ESD and ESM) i n t o  two components, i n i t i a l  subs id ies r e q u i r e d  t o  
c r e a t e  t h e  system and annual opera t ing  subsidies.  F i n a l  energy ou tpu t  (EOF) i s  
a l s o  expressed on an annual bas is  i n  t h i s  equat ion.  
Ob jec t ives  
A v a r i e t y  o f  o b j e c t i v e s  have been ascr ibed t o  energy ana lys is .  I n  t h e  extended 
1 i t e r a t u r e  o f  cont roversy on t h i s  subject ,  t h e r e  a r e  t h r e e  general o b j e c t i v e s  
f r e q u e n t l y  ascr ibed t o  energy ana lys is :  
1 . 
2. 
3 .  
Eva1 u a t i o n  of a1 t e r n a t i v e  energy generat ion (conservat ion)  technologies.  
I n s i g h t  i n t o  and/or d i r e c t  p r o j e c t i o n  o f  t h e  energy resource impact of 
a l t e r n a t i v e  courses o f  a c t i o n .  
D e s c r i p t i o n  o f  t h e  energy components, d i r e c t  and i n d i r e c t ,  o f  proposed 
systems , pol i c i e s  , e t c .  
Al though t h e  founder of energy ana lys is ,  S i r  Freder ick Soddy, d i d  imply  an energy 
t h e o r y  o f  va lue somewhat analogous t o  the M a r x i s t  l a b o r  theory  o f  value, t h i s  
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position i s  n o t  a l l  a l l  widely held. 
to  use energy rat ios  or  energy resource accounting as a sole or even primary 
basis for  evaluating alternative systems or  policies. Rather, they see i t  as a 
supplement to economic analysis and other forms o f  policy analysis. 
W i t h  respect t o  i t s  predictive values, the opponents of energy analysis ascribe 
to i t  claims that are  made by few, i f  any, of i t s  practi t ioners.  
The descriptive function or  objective of energy analysis is  the one most univer- 
sa l ly  endorsed. The basic assumption i s  t h a t  additional information can be val- 
uable i n  decision making and policy set t ing processes. To the extent that  i t  i s  
consistently measured and accurate, information as t o  theenergyimpact of d i f f -  
erent technologies, systems , and policies can enhance our understanding of the 
universe. In th i s  l a s t  regard, energy resource accounting specifically empha- 
sizes the need t o  know not only how much energy i s  required t o  produce energy 
b u t  also w h a t  kinds of energy are needed. 
are often more important than the total  amount of energy required. 
Most energy analysts disavow any attempt 
The qual i ta t ive differences i n  energy 
Val i d i  ty Issues 
A variety of philosophical and methodological objections t o  energy analysis have 
been raised. 
sumnarized i n  the ' l i terature (References 5 ,  8 ,  10, 11 , 17, 19, 20, 22 ,  27 ,  28, 
and 30). 
makes the question of i t s  val idi ty  irrelevant.  There a re ,  however, two issues 
i n  particular which have some bearing on the SPS. 
The controversy has been extensively documented and frequently 
To some extent, the statutory requirement for  net energy analysis 
Some c r i t i c s  claim tha t  energy analysis,  by whatever name, adds nothing t o  
econom-ic analysis. 
analysis: 
The following reply s t resses  the importance o f  descriptive 
I t  should be clear  tha t ,  without behavioral hypothesis, both 
energy accounting and thermodynamic analysis a re  purely 
descriptive exercises. 
tha t ,  as such, both a re  of no use. By way of analogy one 
m i g h t  ask whether Webb and Pearce would recommend tha t  a l l  
cartographers and surveyors cease work as they provide mere 
descriptions. The important point i s ,  of course, tha t  mere 
description i s  a necessary i n p u t  to  evaluation and predic- 
t ion. .  . . 
Webb and Pearce (Reference 30) asser t  
Returning to  the analogy of cartography, i t  can be noted tha t  
the topographicai conditions always show u p  i n  economic 
conditions without concluding tha t  i s  i s  always a redundant 
exercise t o  draw re l ie f  maps. (Reference 5 . )  
A second and potentially much more damaging cr i t ic ism of energy analysis i s  made 
by Gerald Leach i n  a paper appropriately en t i t l ed  "Net Energy Analysis - I s  I t  
Any Use?" While the author admits tha t  net energy analysis has 
never claimed relevance t o  many of the issues on which i t  is  c r i t i c ized ,  he 
(Reference 17 . )  
i 
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asser ts  t h a t  t h e  component t o  which i t  does address i t s e l f  - t h e  i n d i r e c t  i n p u t s  
o f  energy t o  supply technology - i s  r e l a t i v e l y  i n s i g n i f i c a n t .  It i s  h i s  f e e l i n g  
t h a t  t h i s  component, i .e . ,  t h e  energy subsidies (exc lud ing  f u e l ) ,  a r e  a t  o r  near 
t h e  no ise  l e v e l  created by u n c e r t a i n t y  and da ta  inaccurac ies.  The a b s t r a c t  
notes, however, "though a n a l y s i s  might  have some value i n  checking t h e  ' n e t  
r e t u r n s '  of very  r a p i d  l a r g e  technologica l  s h i f t s ,  t o  da te  they  have n o t  i d e n t i -  
f i e d  any s i g n i f i c a n t  e f f e c t s  when t h e  whole energy system i s  taken i n t o  account." 
(Reference 17. ) 
A review o f  t h e  l i t e r a t u r e  p a r t i a l l y  supports t h i s  view. Energy subsid ies a r e  
of ten low, e.g. , 15-25 percent o f  output ,  p a r t i c u l a r l y  i n  r e l a t i o n s h i p  t o  t h e  
ac tua l  f u e l  consumption. Whether o r  n o t  t h i s  represents  "noise" i s  arguable.  
I n  the  case of t h e  SPS, however, i n i t i a l  energy subsid ies t o  c rea te  t h e  s stem 
a r e  unusua l ly  h igh  and t h e r e  i s  no d i r e c t  fuel  consumption (Reference S16f.2 
I n  a d d i t i o n ,  SPS i s  e x a c t l y  t h a t  type o f  program which represents a "very r a p i d  
and l a r g e  techno log ica l  s h i f t . "  
n o t  apply  t o  t h e  SPS. 
For a l l  o f  these reasons, t h i s  o b j e c t i o n  may 
Ph i losoph ica l  - Methodological  Issues 
Energy Q u a l i t y  
There a r e  several  general  issues i n  energy a n a l y s i s  t h a t  apply  t o  a l l  method- 
o l o g i e s  used. 
alence of d i f f e r e n t  types o f  energy. 
con tex t  q u a l i t y  can r e f e r  t o  t h e  thermodynamic q u a l i t y  o f  t h e  energy, i t s  env i -  
. - -___- Iul l , l l~I ILa, - 1  
Whatever methodology o f  energy ana lys is  i s  employed, t h e  r e s u l t s  should, i n s o f a r  
as poss ib le ,  be disaggregated from the  t o t a l  energy requirements i n t o  t h e  d i f f -  
e ren t  pr imary source components , e.g. , coal , o i l  and gas , nuc lear  , e t c .  The 
d i f f e r e n t  qual i t i e s  o f  energy almost r e q u i r e  disaggregated est imates i n  energy 
a n a l y s i s  and s i g n i f i c a n t l y  reduce t h e  value of s ing le-va lued energy r a t i o s .  
The ' 'va luat ion ' '  o r  "disaggregat ion" i ssue concerns t h e  non-esuiv- 
Energies d i f f e r  w i d e l y  i n  q u a l i t y .  I n  t h i s  
quu;fty, ur. e"en i t s  p o y i t i c a ;  qua l i t y ,  e * 9 . ,  2---.-& ---- :L:..-I.. IlllfJUI L >e113 I L I v I Ly . 
Boundary Problems 
Perhaps t h e  most perp lex ing  problem i n  energy a n a l y s i s  i s  e s t a b l i s h i n g  what 
c o n s t i t u t e s  an appropr ia te  boundary f o r  the system under study. 
problem has severa l  d i f f e r e n t  man i fes ta t ions .  
This  boundary 
One o f  t h e  s imp les t  aspects o f  t h e  boundary problem concerns the  use o f  t h e  
energy o u t p u t  o f  a generat ion system t o  p rov ide  power t o  t h e  system i t s e l f  (EOR 
i n  E x h i b i t  11-1). A c o a l - f i r e d  power p l a n t  requ i res  energy f o r  the  min ing  and 
process ing o f  coal  p r i o r  t o  i t s  conversion t o  e l e c t r i c i t y .  I n  a mine-mouth 
coa l  power p l a n t ,  t h i s  energy cou ld  be suppl ied by t h e  generator i t s e l f  o r  
e x t e r n a l l y .  
l e s s  t h e  energy ou tpu t  re tu rned f o r  opera t ion  (EOR). 
The f i n a l  energy ou tpu t  (EOF) i s  def ined as t o t a l  energy ou tpu t  (EOT 
References prefaced by an "S"  are  general references t o  t h e  SPS which a r e  
l i s t e d  a t  t h e  end of t h e  e n t i r e  repor t .  
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Exhibit 11-1, Equation (3)  shows: 
EOT-EOR "Net" Energy Ratio = ESD+ESM 
I f  the boundaries were drawn more t igh t ly  so as  t o  exclude the energy returned, 
the net energy calculations might be quite different .  In  t h a t  case, the energy 
returned ( E O R )  would be zero, f inal  energy output ( E O F )  would equal total  energy 
o u p u t  ( E O T ) ,  and there would be a higher energy subsidy (ESD) t o  account for 
operating energies previously supplied internally t h r o u g h  EOR. 
r a t io  would be significantly lower. 
subsidies (ESD) were provided by the power generated (an increase in E O R )  , the 
net energy ratio would be extremely high. 
o u t p u t  o f  t h e  system i s  unchanged. This aspect of the boundary problem points 
u p  the need for expl ic i t  component estimates rather than  reliance on single- 
valued rat ios .  
The net energy 
I f ,  on the other h a n d ,  a l l  d i rect  energy 
In a l l  these cases, the net energy 
The general issues of where one separates energy supplies from energy demands and 
how f a r  one goes i n  measuring indirect  energy are  clearly described by Leach: 
Net energy analysis i s  plagued by the problem of what external 
inputs should legitimately be counted, which i s  the same as 
asking where one draws the boundary between energy supply and 
demand. The solution adopted depends, in p a r t ,  on the avail-  
ab i l i ty  of data, b u t  mainly on which of two very basic and 
contrasting ideological assumptions one makes .... 
The f i r s t  approach to  the boundary or counting problem i s  t o  
draw the boundary between the energy supply system of f ac i l -  
i t y  being analyzed and the r e s t  of GNP .... This boundary i s  
drawn automatically i f  a l l  inputs are counted using input- 
output methods since these are also consistent with the con- 
ventional definition of G N P .  
This approach may seem reasonable a t  f i r s t  s ight .  
Bullard has argued, i t  res t s  on the fundamental assumption 
t h a t  a l l  ac t iv i t ies  within GNP are in t r ins ica l ly  "good" and 
t h a t  so long as there are  not  external costs and future costs 
and benefits have properly discounted, the flow of materials 
and energy th rough  GNP should be maximized since i t  i s  n o t  
in t r insical ly  "bad" thereby to deplete resources stocks.. . . 
Naturally, th i s  view i s  strongly contested. A t  the concrete 
level , gas stations , new towns , e tc .  would not  be required 
b u t  f o r  the existence of the energy sector and therefore are 
n o t  "good" b u t  "costs" t o  be included in the energy (subsidy) 
loop.. . . (Reference 1 7 )  
However, as 
Considerations of expediency and d a t a  ava i lab i l i ty  would appear t o  resolve th i s  
issue. I n p u t - o u t p u t  analysis will be needed t o  establish energy requirements 
f o r  many of the generalized aspects of SPS development. Therefore, the f i r s t  
GNP approach identified by Leach will be used and the larger philosophical 
issues involved in whether GNP i s  "good" or not will be l e f t  open. 
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Energy Measurement: Thermal vs. Electrical 
The choice and consistency of units i s  a problem in energy analysis of alterna- 
t i ve  power generation systems. The output from such power generation sytems i s  
typically expressed i n  kilowatts (e lec t r ica l ) .  
energy i n p u t s  are  expressed i n  terms of thermal er?ergy, i . e . ,  Btu's (British 
thermal uni ts) .  
3,413 Btu's. 
since i t  requires 10,000-10,500 Btu's o f  coal,  o i l ,  or gas to  produce one kilo- 
watt ( e l ec t r i ca l )  as most power generation systems are  only 30-35 percent e f f i -  
cient in conversion. I n  dealing w i t h  fuel energy inputs and electr ical  energy 
output, a conversion convention must be adopted. 
be avoided i f :  
systems; and ( 2 )  the energy requirements are  expressed i n  the thermal units of 
primary resources, e.g. ,  coal, o i l ,  e tc .  
On the other hand, most of the 
The "enthalpy" or  energy value of a kilowatt (e lec t r ica l )  i s  
This simplist ic conversion can create misleading comparisons, 
This conversion problem can 
( 1 )  the SPS i s  compared only t o  other e lectr ical  generating 
Issues invoiving t h e  Treatiiieiit o f  Time 
Development and operation of any energy generating system involves: (1 ) i n i t i a l  
energy subsidies, i n  b o t h  d i rect  energy and energy embodied i n  capital equip- 
ment; and ( 2 )  annual operating energies for  the power plant i t s e l f  and for  
extraction and processing of fuel resources. 
character is t ics  of the SPS is tha t  the in i t i a l  energies of developing the system 
are  very large relat ive to  the operating energies (Reference S16). 
fossi l  fuels  and nuclear technologies, there i s  a large ongoing energy cost 
i n v o l v e d  i n  fuel extraction processing and transportation. Traditionally, there 
has been no attempt t o  discount future energies t o  some preserit VcI is.  Encrgp 
cost ,  i n  most energy analysis, is  treated as having the same value whenever i t  
is expended. 
needs re la t ive  t o  startup requirements; i t  would make systems which require sub-  
s tan t ia l  i n i t i a l  energy subsidies, such as the SPS, less  a t t ract ive.  Most 
energy analysts agree tha t  some distinction should be made a t  some level between 
i n i t i a l  and operating energies, b u t  t h a t  any discounting should be l e f t  to  the 
discretion of the reader. 
One of the most d i s t i n g u i s h i n g  
For many 
Discounting future energy costs would favor h i g h  operating energy 
A different  time issue i s  raised in considering a program involving several 
power plants instead of an individual power plant. T h i s  form of "dynamic" 
energy analysis o f  total  energy output i n  relation t o  total  energy i n p u t  to  the 
program as  a whole often shows large energy def ic i t s  d u r i n g  the in i t i a l  develop- 
ment period, particularly i f  the energy system i s  capital intensive. 
represents just  such a program. 
subsidy and/or a reasonably rapid payback, the program as a whole may represent 
a net energy drain on the economy for  a long period of time. 
energy analysis of the SPS program should not only consider the energy require- 
ments per five-gigawatt s a t e l l i t e ,  b u t  a1 so the energy flows represented by the 
who1 e program. 
The SPS 
Even i f  each u n i t  i t s e l f  shows a low energy 
Any complete 
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11-3. ALTERNATIVE METHODOLOGIES 
A rev iew of  the l i t e r a t u r e  suggests t h a t  there  are f o u r  general approaches t o  
energy analys is  f o r  power generat ion technologies:  
1. Process Analys is  
2 .  Inpu t -ou tpu t  Ana lys is  
3. 
4. Eco-energetics. 
Hybr id Analys is ,  e.g. a Mix ture o f  Process Analys is  and Input -ou tpu t  
Analys is  
Process and input -ou tpu t  ana lys is  are, t e c h n i c a l l y  speaking, techniques of  
ana lys is  r a t h e r  than o v e r a l l  methodologies. Eco-energetics may use bo th  
input -ou tpu t  analys is  and process ana lys is .  I t  d i f f e r s  f rom t h e  t y p i c a l  forms 
of  energy ana lys is  p r i m a r i l y  i n  terms o f  i t s  scope. 
t o  inc lude energy f lows f rom the  n a t u r a l  environment and incorpora tes  concepts 
from ecology and system dynamics. 
Eco-energetics at tempts 
A recent  review of  issues i n  n e t  energy a n a l y s i s  prepared by P a c i f i c  Northwest 
Laborator ies o f  B a t t e l  l e  Memorial I n s t i t u t e  (Reference 11 ) prov ides a use fu l  
t a b u l a t i o n  on a l l  o f  the var ious methodological  features associated w i t h  the 
energy ana lys is  models used by var ious exper ts  i n  t h e  f i e l d .  This t a b u l a t i o n ,  
which i s  reproduced as Appendix B t o  t h i s  r e p o r t ,  ca tegor izes  each model o r  
approach by "type o f  ana lys is " .  This c a t e g o r i z a t i o n  p a r a l l e l s  the fourway 
c l a s s i f i c a t i o n  presented above. 
Two aspects o f  t h i s  sumnary are  worthy o f  a d d i t i o n a l  comment. 
none o f  the  models i s  e x c l u s i v e l y  a process model. 
e n t i r e l y  on input -ou tpu t  analys is ,  t h e  m a j o r i t y  o f  models t h a t  a re  n o t  eco- 
energet ics ,  are i n  f a c t  "hybr id "  models. None o f  the  l i t e r a t u r e  summarized 
deals w i t h  the SPS. 
those i n v o l v i n g  decent ra l i zed  heat  a p p l i c a t i o n s  o f  s o l a r  energy. 
F i r s t  o f  a l l ,  
Although a few r e l y  a lmost  
For t h e  most p a r t ,  t h e  s o l a r  a p p l i c a t i o n s  c i t e d  are  
Process Ana 1 ysi s 
"Process Analysis cons is ts  o f  t r a c i n g  produc t ion  i n p u t  back through the economy 
i n  stepwise fashion t o  c a l c u l a t e  t h e  energy requirements of  each i n p u t " .  
(Reference 25) 
"It begins w i t h  an assessment o f  the  d i r e c t  i n p u t s  o f  Coal, o i l ,  e l e c t r i c i t y  
e t c .  t o  t h e  product ion process..,.Next, t h e  d i r e c t  energy i n p u t s  t o  t h e  
produc t ion  o f  a l l  nonenergy i n p u t s  a re  tabu la ted .  This  process proceeds 
ad i n i f n i t u m  u n t i l  a l l  d i r e c t  energy and i n d i r e c t  energy i n p u t s  t o  t h e  
product ion (process) a re  counted." (Reference 2)  C l e a r l y ,  t h i s  ana lys is  
must be t runcated because o f  t h e  i n f i n i t e  number of s teps t h a t  would u l t i m a t e l y  
be invo lved.  
Process analys is  has i t s  o r i g i n  i n  engineer ing a n a l y s i s  and i t  i s  b e s t  a p p l i e d  
t o  h i g h l y  q u a l i f i e d  techn ica l  personnel s p e c i f i c a l l y  f a m i l i a r  w i t h  t h e  a c t u a l  
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design. 
consuming and counterproduct ive e f f o r t  once the  f i r s t  two o r  th ree  l e v e l s  o f  
i n p u t  a re  exhausted. 
Even so, the t r a c i n g  of i n d i r e c t  energy i n p u t s  becomes a t ime 
For many mater ia ls  there  i s  publ ished data on the u n i t  energy requirements 
of  product ion,  e.g. BTU's/pound o r  Joules/k i  logram. When process ana lys is  
q u a n t i f i e s  the i n p u t  o f  a homogeneous mater ia l ,  e.g. aluminum o f  a c e r t a i n  
s p e c i f i c a t i o n ,  t h e  a n a l y s t  can then use the publ ished data on the energy 
i n t e n s i t y  o r  s p e c i f i c  energy requirements o f  t h a t  m a t e r i a l .  
o r  s p e c i f i c  energy est imates may n o t  always account f o r  a l l  i n d i r e c t  energy 
i n p u t s  t o  t h e  manufactur ing process. 
may n o t  disaggregate t h e  energy i n p u t s  by resources, e.g. coal ,  o i l  , e l e c t r i c i t y ,  
e t c .  
Energy i n t e n s i t y  
Another problem i s  t h a t  such est imates 
To some exten t ,  use o f  publ ished energy- in tens i  ty da ta  represents t h i s  ''process 
a n a l y s i s  by proxy."  Many forms o f  mineral  e x t r a c t i o n  and ref inement,  n o t a b l y  
i nc! x!i ng cnpper and a1 umi num, have been s t u d i e d  exhaus ti v e l y  . 
instances where the i n i t i a l  process ana lys is  leads q u i c k l y  t o  the un fabr ica ted  
b u t  r e f i n e d  mineral  , i t  may be des i rab le  t o  use e n e r g y - i n t e n s i t y  data r a t h e r  
than c o n t i  nue t h e  process ana lys is .  
There s t i l l  remains the ques t ion  o f  how t o  account f o r  the r e s t  of the inputs .  
For example, i n  t r a c i n g  back the f a b r i c a t i o n  o f  a launch veh ic le ,  i t  might  
w e l l  be poss ib le  t o  proceed i n  a r e l a t i v e l y  small  number of  steps t o  t h e  
component aluminum, t i tan ium,  e t c .  This would, however, account f o r  o n l y  a 
p o r t i o n ,  a l b e i t  a p o t e n t i a l l y  l a r g e  por t ion ,  o f  t h e  t o t a l  energy i n p u t  t o  
t o  i g n o r e  them, on the grounds t h a t  the pr imary mater ia ls ,  p a r t i c u l a r l y  i f  
they a r e  energy- in tens ive,  account f o r  the vast  m a j o r i t y  o f  t h e  t o t a l  energy 
requ i red .  
a n a l y s i s  t o  est imate t h e  remaining energy i n p u t s .  
I n  those - 
the f i n a l  launch v e h i c l e .  6ne ir-eairefit ef Lh- I I C  -r.-.~;n;nn IC l l lU I I I I I , - j  nnnb-mi b.llrI JJ i n n i i f c  ...r-.-- i s  
A second, and o f t e n  more des i rab le  approach, i s  t o  use input -ou tpu t  
Input-Output  Ana lys is  
I n p u t - o u t p u t  a n a l y s i s  was developed i n  the e a r l y  1940's by Wasi ly L e o n t i e f  
f o r  t h e  study o f  the  U.S. economy. I n  app ly ing  t h i s  technique, a n a t i o n a l  o r  
r e g i o n a l  economy i s  broken down i n t o  a s e r i e s  o f  sec tors  corresponding t o  the 
var ious i n d u s t r y  groups, f i n a l  demand, the  government and i n t e r n a t i o n a l  
t rade.  
analyzed. Through the a p p l i c a t i o n  of  m a t r i x  a lgebra techniques, c o e f f i c i e n t s  
can be generated f o r  each s e c t o r  i d e n t i f y i n g  the impact t h a t  a change i n  u n i t  
o u t p u t  f o r  t h a t  s e c t o r  w i l l  have on the  economy as a whole o r  on any o t h e r  
speci f i c sector .  
The f l o w  o f  goods, serv ices,  and money between these sec tors  i s  then 
The a p p l i c a t i o n  of  inpu t -ou tpu t  analys is  t o  energy ana lys is  was pioneered by 
C lark  B u l l a r d  and h i s  assoc iates a t  the Center f o r  Advanced Computation (CAC) 
a t  t h e  U n i v e r s i t y  of  I l l i n o i s .  
by t h e  Bureau o f  Economic Analys is  o f  t h e  U.S. Department o f  Commerce, CAC 
undertook t o  determine the energy component o f  each s e c t o r ' s  purchases, 
Using the 1963 i n p u t - o u t p u t  t a b l e  developed 
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Rely ing  p r i m a r i l y  on data prov ided by the Bureau o f  Mines and o t h e r  energy data 
sources, they were able t o  determine the amount of energy ( d i r e c t  and i n d i r e c t )  
associated w i t h  a d o l l a r  of  ou tpu t  from each sec tor .  
t y p i c a l l y  expressed as BTU's p e r  d o l l a r ,  may then be used as proxy for  the 
energy requirements o f  product ion.  A d e t a i l e d  d o l l a r  budget should make i t  
poss ib le  t o  est imate the t o t a l  d i r e c t  and i n d i r e c t  energies requ i red  fo r  t h a t  
system. Each d o l l a r  component i s  c l a s s i f i e d  by economic s e c t o r  and the  energy 
i n t e n s i t y  associated w i t h  each d o l l a r  ou tpu t  o f  t h a t  s e c t o r  i s  i d e n t i f i e d .  
sum f o r  a l l  sectors o f  energy i n t e n s i t y  times d o l l a r  c o s t  by sec tor  i s  the  
t o t a l  energy requirement i n  the s imp les t  a p p l i c a t i o n  o f  t h i s  approach. 
This  measurement, 
The 
Working w i t h  Robert Herendeen, among others,  B u l l a r d  and the CAC team sub- 
sequent ly re f ined t h e i r  a n a l y s i s  us ing  the 1967 i n p u t - o u t p u t  t a b l e s .  
subsequent development o f  t h i s  approach, CAC has a l s o  changed the format of the 
input -ou tpu t  t a b l e  so t h a t  f o r  the energy sectors  themselves, e.g., coa l ,  crude 
o i l ,  gas, e l e c t r i c i t y ,  the  u n i t s  are n o t  BTU's p e r  d o l l a r  b u t  r a t h e r  BTU 's  
i n p u t  f o r  f i n a l  BTU's output .  
The b e s t  reference t o  t h i s  methodology i s  i n  the handbook prepared by B u l l a r d  
(Reference 4 ) .  I n  t h i s  document, t h e  author  reviews severa l  o f  the major 
sources o f  uncer ta in ty  assoc iated w i t h  input -ou tpu t  a n a l y s i s .  P r i c e  l e v e l  
changes can occur w i t h o u t  corresponding changes i n  phys ica l  q u a n t i t i e s  of energy 
costs .  Another source o f  u n c e r t a i n t y  i s  change i n  t h e  s t r u c t u r e  o f  t h e  economy. 
A p a r t i c u l a r l y  s i g n i f i c a n t  source o f  u n c e r t a i n t y  i s  change i n  the technology 
o f  producing goods and serv ices,  p a r t i c u l a r l y  as regards the  amount of energy 
requ i red  per  u n i t  o f  output .  
due t o  sec tor  aggregat ion.  
a BEA (Business Economics A d m i n i s t r a t i o n )  sector ,  and t h e r e f o r e  would have a 
unique energy c o e f f i c i e n t . "  
i n  many instances t h e  p a r t i c u l a r  product  assoc iated w i t h  a p l a n t  o r  system 
may represent  o n l y  a smal l  p r o p o r t i o n  o f  s e c t o r a l  o u t p u t  and may n o t  be t y p i c a l  
i n  i t s  energy requirements o f  the s e c t o r  as whole. 
I n  
Another s i g n i f i c a n t  source o f  u n c e r t a i n t y  i s  
" I d e a l l y ,  each product  would be a unique ou tpu t  of 
(Reference 4 ) .  Th is  i s  c l e a r l y  n o t  t h e  case and 
Presented below i s  a b r i e f  l i s t  o f  the  l i m i t a t i o n s  o f  i n p u t - o u t p u t  a n a l y s i s  
from the same reference together  w i t h  a b r i e f  statement of  t h e  manner of 
ad j u s  tment: 
1. P r i c e  l e v e l  changes. Use publ ished s e c t o r a l  d e f l a t o r .  
2. Technology changes. Updated energy i n t e n s i t i e s  n o t  y e t  a v a i l a b l e .  
3. Aggregation o f  t y p i c a l  and a t y p i c a l  products  i n  a s i n g l e  sec tor .  
For  some sectors ,  b u t  n o t  a l l  o f  them, CAC has developed a t a b l e  
showing the  approximate m i x  o f  the major  components w i t h i n  the s e c t o r  
so t h a t  the user can determine whether a p a r t i c u l a r  product  o r  s e r v i c e  
i s  t y p i c a l  of the s e c t o r  as a whole, 
4. Producers ' versus purchasers ' p r i c e .  Since purchase p r i  ce i n c l  udes 
p r o f i t  margins, t r a n s p o r t a t i o n  costs ,  d i s t r i b u t i o n  costs ,  and 
insurance, CAC has at tempted t o  develop es t imated  margins f o r  these 
var ious "nonproductionl l  conponents o f  p r i c e  f o r  s e l e c t e d  sec tors .  
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5. Uncer ta in ty  i n  base year  data.  CAC prov ides e r r o r  to lerances 
(percentage o f  t h e  mean) f o r  a subset o f  90 sec tors  so as t o  be 
ab1 e t o  est imate t h e  unce r ta in t y  assoc iated w i t h  t h e  energy ldo l  l a r  
i n t e n s i t i e s  prov ided i n  the  tab le .  
C lea r l y ,  t h e  p r i n c i p a l  b e n e f i t  of inpu t -ou tpu t  energy ana lys i s  i s  t h e  a b i l i t y  
t o  t r a p  a l l  i n d i r e c t  e f f e c t s  w i t h  a s ing le  energy c o e f f i c i e n t  r a t h e r  than having 
t o  f o l l o w  through an e labora te  process ana lys is .  
advantage, a re  the  major problems o f  aggregat ion and t ime l i ness .  
admi t ted l y  very coarse approximat ions f o r  most ana lys is .  Furthermore, t he  use 
of a data base, no mat te r  how e labora te ly  ad justed o r  cor rec ted ,  t h a t  r e f l e c t s  
the  U.S. economy i n  1967 must be suspect. 
t he  l ong  lead  t ime (approx imate ly  f o u r  years)  f o r  BEA t o  develop t h e  input -ou tpu t  
t a b l e  from i t s  data c o l l e c t i o n  e f f o r t s .  Add i t i ona l  t ime i s  requ i red  f o r  CAC t o  
conver t  t h i s  i n t o  an energy input -ou tpu t  m a t r i x .  
ou tpu t  t a b l e  f o r  t he  U.S. economy w i l l  no t  be a v a i l a b l e  as an energy input -ou t -  
pu t  t a b l e  f rom LAC u n t i l  some t ime ir-i  ea r ly  1373 (Reference 1 2 ) .  
energy-do l la r  f l o w  r e l a t i o n s h i p s  w i l l  not r e f l e c t  t he  techno log ica l  and p r i c e  
changes associated w i t h  t h e  e n e r g y c r i s i s  i n  1973-74. 
inpu t -ou tpu t  energy ana lys i s  t h a t  r e f l e c t s  t h e  impact o f  t h e  energy c r i s i s  w i l l  
be a v a i l a b l e  u n t i l  sometime i n  t h e  e a r l y  t o  mid-1980's. 
To some ex ten t ,  t h e  u n c e r t a i n t i e s  associated w i t h  aggregat ion can be o f f se t  by 
pursu ing process ana lys i s  u n t i l  t he  requ i red  i n p u t  i s  s u f f i c i e n t l y  homogeneous 
and/or s u f f i c i e n t l y  c h a r a c t e r i s t i c  o f  i t s  sec tor  t o  min imize t h e  p o t e n t i a l  e r r o r s  
Because o f  t h e  l a r g e  elements of unce r ta in t y  assoc iated w i t h  input -ou tpu t  energy 
coe f f i c i en ts ,  t he re  are  many people who f e e l  t he re  i s  very  l i t t l e  a d d i t i o n a l  
accuracy obta ined by us ing  t h e  input -ou tpu t  c o e f f i c i e n t s  f o r  a p a r t i c u l a r  sector.  
Instead, they would propose an approach i n  which t h e  process ana lys i s  would be 
c a r r i e d  t o  t h e  p o i n t  where a l l  major energy- in tens ive components had been i d e n t i -  
f i e d  and then f o r  t h e  remaining i n d i r e c t  energy, t he  s imple r a t i o  o f  energy per 
d o l l a r  o f  t h e  t o t a l  GNP can be used instead o f  i n d i v i d u a l  sec tor  r a t i o s  (Ref- 
erence 20).  
One in te rmed ia te  p o s i t i o n ,  a l ready noted above, i s  t o  use process ana lys is  up t o  
the  p o i n t  o f  i d e n t i f y i n g  pr imary raw mater ia ls ,  e.g. , aluminum o r  s t e e l ;  and 
then use energy i n t e n s i t i e s  as produced by t h e  input -ou tpu t  t a b l e  i n  l i e u  of 
pub l i shed engineer ing data on s p e c i f i c  energies.  The advantage o f  t h i s  i s  t h a t  
i t  assures t h a t  a l l  i n d i r e c t  energies used i n  f a b r i c a t i o n  a re  accounted fo r .  
The disadvantage i s  t h a t  t h e  r e s u l t s  may be d i s t o r t e d  due t o  the  t ime uncer ta in -  
t i e s  t h a t  cha rac te r i ze  input -ou tpu t  analys is  i n  general (References 12, 13, and 
14).  
O f f s e t t i n g  t h i s  powerful 
The sectors  a re  
The problem o f  t ime l i ness  a r i s e s  from 
For example, t h e  1972 i n p u t -  
Even thbn, t he  
It seems u n l i k e l y  t h a t  
cf U J J  a r m p a n a t i n n  --J.,.".-..-
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I n  summary, inpu t -ou tpu t  ana lys is  prov ides a conceptual ly  e legant  technique 
f o r  c a p t u r i n g  a l l  i n d i r e c t  and d i r e c t  energies a t  t h e  same t i m e .  I t  i s  
plagued by the problems o f  u n c e r t a i n t y  and t ime l iness .  
be reduced- b y  pursu ing process ana lys is  t o  the  p o i n t  where the economic 
sectors  considered a r e  bg th  e f f e c t i v e l y  homogeneous and s t a b l e  over t ime. 
leads t o  t h e  concept of  a h y b r i d  methodology which invo lves  both process ana lys is  
and input-output  ana lys is .  
These problems may 
This  
Hybr id  Analysis:  Combining Process and Ir iput-Output Analyses 
Most o f  the energy ana lys ts  employing i n p u t - o u t p u t  ana lys is  a c t u a l l y  use 
the h y b r i d  approach s ince  process a n a l y s i s  i s  c l e a r l y  necessary t o  determine 
the d i r e c t  energy components o f  f i n a l  f a b r i c a t i o n ,  d i r e c t  energy i n p u t  t o  the  
opera t ing  process, and s p e c i a l i z e d  aspects o f  f a b r i c a t i o n  o r  c o n s t r u c t i o n  n o t  
adequately d e a l t  wi th i n  h i g h l y  aggregated i n p u t - o u t p u t  s e c t o r s .  Thi s i s t h e  
approach used by B u l l a r d ,  Herendeen, Development Sciences Inc. ,  Melcher, 
P i l a t i ,  and others (References 2, 3, 6, 7, 8, 12, 13, 14, 22, and 25 ) .  
The major b e n e f i t  o f  h y b r i d  ana lys is  i s  t h a t  process ana lys is  can be conf ined 
t o  those major v i s i b l y  energy- in tens ive components o f  a process. The 
components o f  the process l e f t  o u t  can be d e a l t  w i t h  by i n p u t - o u t p u t  c o e f f i c i e n t s  
t o  capture both d i r e c t  and i n d i r e c t  energy. 
Process analys is  i n  t h i s  c o n t e x t  can deal w i t h  bo th  d i r e c t  energy i n p u t s  t o  a 
process, e i t h e r  t h e  pr imary process o r  second o r  t h i r d  l e v e l  processes, and 
m a t e r i a l  i n p u t .  As t h e  d i r e c t  energy f lows are  accounted f o r  and tabulated,  
t h e - m a t e r i a l s  requi red can be accumulated and t raced back i n  t u r n  t o  component 
m a t e r i a l s  and energy. Presumably a t  some p o i n t  i n  t h i s  process one reaches 
a s u f f i c i e n t l y  homogeneous o r  s tandard ized d e f i n i t i o n  o f  m a t e r i a l s  so as t o  be 
able t o  use e i t h e r  the input -ou tpu t  energy c o e f f i c i e n t  f o r  t h a t  m a t e r i a l  s e c t o r  
o r  publ ished (engineer ing)  s p e c i f i c  energy est imates.  
Two remaining operat ional  quest ions concern: ( 1 )  when t o  s t o p  us ing process 
ana lys is  and r e s o r t  t o  t h e  i n p u t - o u t p u t  data; and (2 )  whether, when t h e  
a n a l y s t  s tops using process a n a l y s i s  presumably because he has t raced the  
process back t c  homogenous mater ia ls ,  he shou ld  use t h e  pub1 ichsed "process" 
data on mater ia ls  energy- in tens i  t i e s  o r  the  i n p u t - o u t p u t  data on energy- 
i n t e n s i t i e s  f o r  t h a t  m a t e r i a l .  
With respect  t o  the  f i r s t  ques t ion  o f  when t o  s t o p  the process ana lys is ,  
B u l l a r d  (Reference 4)  suggests successive t e s t i n g  o f  u n c e r t a i n t y .  
inpu t -ou tpu t  tab les prov ided e r r o r  to lerances by s e c t o r  which can be supple- 
mented by t h e  p a r t i c u l a r  a n a l y s t  u s i n g  the  tab les .  
successive i t e r a t i o n  t o  generate an es t imate  o f  the  u n c e r t a i n t y  i n  the  f i n a l  
est imate o f  energy. According t o  t h i s  approach, a t a r g e t  l e v e l  o f  u n c e r t a i n t y  
i s  set ,  e.g., lo%, and process a n a l y s i s  and/or d isaggregat ion  of component 
sectors  is pursued u n t i l  t h a t  s t a t e d  t a r g e t  i s  reached. 
The CAC 
I t i s  p o s s i b l e  a t  each 
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I n  the most e legant  a p p l i c a t i o n  o f  t h i s  u n c e r t a i n t y  ana lys is ,  the under ly ing  
u n c e r t a i n t i e s  i n  the bas ic  data i n p u t s  are combined w i t h  the  e r r o r  to lerances 
of  the  e n e r g y - i n t e n s i t i e s  t o  develop an o v e r a l l  es t imate  o f  u n c e r t a i n t y .  I n  
the case o f  the SPS, t h e  l a r g e  u n c e r t a i n t i e s  associated w i t h  the i n p u t s  would 
prec lude ever  reaching any r e f i n e d  est imate on t h i s  bas is .  Nevertheless, t h e  
u n c e r t a i n t y  reduc t ion  approach t o  determin ing the  appropr ia te  l i m i t s  o f  data 
re f inement  may h e l p  t o  t a r g e t  those areas i n  which process a n a l y s i s  should be 
pursued. 
E i t h e r  input -ouput  energy c o e f f i c i e n t s  o r  o t h e r  pub1 ished energy- in tens i  t y  
data may be used fo r  presumably homogeneous m a t e r i a l s .  Th is  does n o t  pose a 
problem i f the twc est imates are  reasonably c lose .  Where the two est imates 
d i f f e r ,  the a n a l y s t  must p i c k  the est imate which appears t o  b e s t  r e f l e c t  t h e  
c u r r e n t  s t a t e - o f - t h e - a r t  on an ad hoc basis.  There w i l l  always be some pre- 
sumption t h a t  t h e  energy- in tens i  t i e s  as der ived from t h e  input -ou tpu t  t a b l e  
w i l l  be h i g h e r  than those der ived  from pure ly  d i r e c t  process ana lys is  s imply 
because i n d i r e c t  energ ies are  always inc luded i n  input -ou tpu t  est imates.  
Eco-Energeti cs 
"Eco-energetics d i f f e r s  f rom o t h e r  methods i n  n e t  energy c n a l y s i s  p r i m a r i l y  by 
t h e  i n c l u s i o n  o f  energy f lows t o  the  process f rom t h e  n a t u r a l  environment. I t  
a l s o  accounts f o r  t h e  i n d i r e c t  energies embodied i n  goods and serv ices prov ided 
by s o c i e t y  t o  the  process i n  a d i f f e r e n t  manner than process ana lys is  o r  i n p u t -  
o u t p u t  ana lys is  ." (Reference 11) .  
Odum o f  t h e  Universi t .y o f  F l o r i d a  a t  Ga inesv i l le .  
energy h e l d  by Odum and fo l lowers ,  the  b i o i o g i c a i  sysieiiis' W i i i v S ~ i "  i s  x e d  
as an analogy f o r  human systems' behavior and become a normat ive quide f o r  
energy use as w e l l .  I f  once the premise i s  granted t h a t  human systems can and 
should be modeled a f t e r  lower  o r d e r  b i o l o g i c a l  systems, then n e t  energy 
boundaries f o r  a n a l y s i s  are open wide t o  i n c l u d e  geologica l  t i m e  scale,  energy 
t o  r u n  human communi t i e s ,  i n c l u d i n g  human labor ,  and the  o p p o r t u n i t i e s  foregone 
by us ing t h e  resource i n  a l e s s  " e f f i c i e n t  way' .. . .The human system which uses tl 
l e a s t  energy t o  accomplish s u r v i v a l  w i l l  have the b e s t  chance t o  s u r v i v e  and 
f l o u r i s h  i n  t h e  l o n g  run .  Eventua l l y  t h i s  premise, d e f i n i t i o n ,  and conclus ion 
become a moral model f o r  organized soc ia l  a c t i o n  . I '  (Reference 8). 
Eco-energetics was developed by D r .  Howard 
" In  the d e f i n i t i o n  o f  n e t  
D e r i v i n g  l a r g e l y  f rom t h i s  d i f f e r e n t  ph i losoph ica l  framework, eco-energet ics 
d i f f e r s  i n  severa l  methodological  respects f rom o t h e r  techniques: 
1. Energy f lows f rom the n a t u r a l  environment a re  used, e.g., the  energy 
value o f  the vegeta t ion  t h a t  could otherwise be grown on t h e  land 
requ i  r e d  f o r  the  sys tem o r  process under i nves ti gat ion.  
The use o f  a s i n g l e  energy p e r  d o l l a r  r a t i o  f o r  a l l  i n d i r e c t  inpu t ,  
e.g., t h e  number o f  B t u ' s  p e r  d o l l a r  GNP i n  t h e  Uni ted States.  
The use o f  energy q u a l i t y  fac to rs  t o  d i f f e r e n t i a t e  d i f f e r e n t  types 
o f  energy where the  q u a l i t y  f a c t o r  represents  the  r e l a t i v e  usefulness 
2 .  
3 .  
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( a b i l i t y  t o  per form usefu l  work) o f  t h e  energy source, e.g., o i l  
would be a h ighe r  q u a l i t y  energy than wood o r  coa l .  
E x p l i c i t  cons ide ra t i on  o f  t h e  t ime dynamics o f  t h e  system, e.g., 
t h e  increase i n  p r i c e s  associated w i t h  p a r t i c u l a r  systems and the  
subsequent changes t h a t  they may e f f e c t  i n  t h e  d i s t r i b u t i o n  o f  
energy i n  the  f u t u r e .  
4. 
Several key ob jec t ions  have been r a i s e d  t o  eco-energet ics .  Perhaps the  m s t  
impor tan t  o f  these i s  the  unusual ly  l o n g  t i m e  frame i m p l i e d  by the analogy o f  
human energy consumption t o  b i o l o g i c a l  species s u r v i v a l  (References 5,  8, and 
17 ) .  Another c r i t i c a l  o b j e c t i o n  r e l a t e s  t o  t h e  use o f  vegeta t ion  energy 
conten t  as a proxy fo r  t h e  energy c o s t  o f  pre-empting l and  f o r  o the r  uses. 
"The ques t ion  remains: ' I s  the  value o f  s o c i e t y  o f  the  l o s t  vegeta t ion  r e a l l y  
equ iva len t  t o  the useful energy content?"'  (Reference 1 1 ) .  
Whi 1 e some cons idera t ion  o f  t h e  env i  ronmental changes i nvol ved i n energy 
consuming o r  producing systems i s  c l e a r l y  needed, many exper ts  express rese r -  
va t i ons  as t o  whether they can be mean ing fu l l y  t r e a t e d  by the use o f  energy 
conten t  prox ies.  For t h i s  and o the r  reasons, t h e  eco-energet ics  approach i s  
perhaps more re levan t  t o  s o c i a l  p lann ing  o r  ph i l osoph ica l  debate, and has n o t  
achieved widespread acceptance as a formal a n a l y t i c  approach. An a b s t r a c t  o f  
one of D r .  Odum's p u b l i c a t i o n s  s t a t e s  t h a t  "examination o f  energy systems 
can be v i t a l  and o f  good q u a l i t y  f o r  human ex is tence.  Sharp changes i n  p u b l i c  
v iewpo in t  and pub l i c  p o l i c y  a re  t o  be expected soon." D r .  Odum goes on t o  say, 
"we hope these overviews w i l l  p rov ide  a general way f o r  a l l  o f  us t o  understand 
t h e  p lace o f  humanity i n  nature,  the responses o f  our  system, and a way t o  
p r e d i c t  the fu tu re . "  ( C i t e d  i n  Appendix F o f  Reference 8) .  
Summary and Imp l i ca t i ons  f o r  the SPS 
Hybr id  ana lys is ,  i n v o l v i n g  the use o f  bo th  process and inpu t -ou tpu t  analyses, 
c l e a r l y  emerges as t h e  methodology b e s t  s u i t e d  t o  the  SPS. Primary r e l i a n c e  
on process ana lys is  i s  d i f f i c u l t  a t  bes t  and c e r t a i n l y  n o t  warranted a t  t h e  
present  e a r l y  s t a t e  o f  the  SPS. 
taken by i t s e l f ,  i s  charac ter ized  by numerous u n c e r t a i n t i e s  even when a p p l i e d  
t o  present  techno1 ogies. When appl i ed t o  the  unconfirmed and r a p i d l y  evo lv ing  
SPS technology, these u n c e r t a i n t i e s  would be f u r t h e r  compounded. 
The h y b r i d  approachof fers  t h e  o p p o r t u n i t i e s  t o  pursue process ana lys i s  through 
a few i n i t i a l  steps and then t o  use i npu t -ou tpu t  a n a l y s i s  t o  capture  i n d i r e c t  
e f f e c t s .  I n  t h i s  contex t  process ana lys i s  can be considered as: p u r e l y  p r imary  
process ana lys is  i n  which the ac tua l  energy and ma te r ia l  i n p u t s  t o  s p e c i f i c  
SPS components are examined; o r  secondary process a n a l y s i s  i n  which ma te r ia l  
ene rgy - in tens i t y  data i s  c o l l e c t e d  and then a p p l i e d  a t  app rop r ia te  p o i n t s  i n  
the ana lys i s .  
On t h e  o the r  hand, i n p u t - o u t p u t  ana lys i s ,  
Eco-energetics would no t  appear t o  p rov ide  an e a s i l y  a p p l i e d  o r  w ide l y  accepted 
framework f o r  energy ana lys i s  o f  t he  SPS. 
~~ 
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11-4. PUBLISHED ENERGY ANALYSES OF THE SPS -
There are only three published analyses of the energy requirements of the SPS 
t h a t  are even par t ia l ly  comprehensive. 
documentation provided by NASA and i t s  contractors , there are periodic references 
t o  energy requirements o r  "energy payback. I' These references are e i ther  expl i - 
c i t l y  incomplete o r  so generalized and inadequately documented as to  prevent any 
evaluation of the methodology or da ta  base used. 
In the briefing l i t e r a tu re  and suppor t  
The f i r s t  of three published analyses i s  t o  be found in "A Survey of Sa te l l i t e  
Power Stations" (Reference S16) .  This approach, which adapted the input-output 
methodology for measuring energy subsidies used by Development Sciences Inc., 
was admittedly a f i r s t  cu t  approximation based exclusively on the dollar a l lo-  
cation of projected SPS costs.  
The second published analysis,  and the only one done by someone not  involved i n  
t hc  SPS desigr! o r  evaluatinn e f fo r t ,  was Derformed by Robert Herendeen, o f  the 
Center for Advanced Computation a t  t h e  University of I l l ino is .  
appeared in two forms, f i r s t  a s  a report submitted t o  the Committee on Science 
and Technology of the U.S. House of Representatives in connection with the i r  
hearing on H . R .  12505, a b i l l  relating t o  the SPS research and development pro- 
gram. 
recent symposium on energy modeling and net energy analysis sponsored by the 
Ins t i tu te  for  Gas Technology. In  th i s  l a t t e r  format, i t  was one of two tech- 
nologies described in a paper enti t led "Two Technologies Near the Net Energy 
Limit: Gasohol and Solar Power Sa te l l i t e  Power Stations" (References 13 and 14 )  
This analysis 
The same material, in a s l ight ly  different form, was presented a t  a 
The third and most recently published energy analysis was performed by Je t  Pro- 
pulsion Laboratory for  NASA/JSC (Johnson Space Center) as par t  of an overall 
study ent i t led "Sate1 1 i t e  Power System (SPS) Prel iminary Resource Assessment'' 
(Reference 18).  
All three of these analyses are based, t o  one degree o r  another, on obsolete 
SPS reference concepts. In  addition, the two more recent studies refer only t o  
a si l icon photocell solar a r r ay ,  with no reference t o  the gallium arsenide con- 
cept. The applicabili ty of the energy requirements estimates in any of these 
published reports t o  the current reference concepts for  the SPS (e i ther  option) 
i s  therefore highly questionable. 
identify key analytic problems and n o t  t o  present actual energy estimates for 
the SPS. 
The following discussion i s  intended t o  
An In i t i a l  I n p u t - O u t p u t  Approach: "A Survey of Sa te l l i t e  Power Stations" 
In  September 1976, PRC Systems Sciences Company completed a survey of power 
sate1 1 i t e  systems f o r  the E n  rgy Research and Development Administration ( E R D A ) .  
A t  the request of the c l i en t  a brief energy subsidy analysis was included 
(Reference S16) .  
available and given the very minimal information on SPS design a t  the time, the 
input-output methodology was selected. I t  was then and s t i l l  remains the 
To meet t h  s key requirement within the limited time frame 
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qu ickes t  approach, p a r t i c u l a r l y  i f  t h e  o n l y  data a v a i l a b l e  i s  an est imated bud- 
g e t .  
several  a l t e r n a t i v e  power genera t ion  techno log ies  (Reference 7).  
they had employed t h e  i npu t -ou tpu t  methodology developed by t h e  Center f o r  
Advanced Computation (CAC) . 
s i s  t o  generate est imated energy subs id ies  f o r  each o f  t h e  technologies consid- 
ered. 
were de f i ned  f o r  the e x t r a c t i o n ,  processing, and conversion o f  f u e l  t o  e l e c t r i -  
c i t y  and d i r e c t  energies were i d e n t i f i e d .  
m a t e r i a l s  i npu t  and much o f  t h e  i n d i r e c t  energies were i n f e r r e d  through the  use 
o f  t he  input -ou tpu t  energy tab les.  
V i r t u a l l y  t h e  o n l y  r e a d i l y  a v a i l a b l e  data on the  SPS a t  t h e  t ime  was an est imated 
d o l l a r  budget by major system components t h a t  had been prepared by ECON as p a r t  
of a p r i o r  evaluat ion o f  t h e  SPS f o r  NASA. 
o logy i s  appl ied i n  a very approximate fash ion  t o  t h e  budget i tems s e t  f o r t h  
i n  the  ECON cost est imate. Several o f  t h e  c l a s s i c  u n c e r t a i n t i e s  associated w i t h  
i npu t -ou tpu t  analys is  appl ied.  
p r i a t e  aggregation i n  t h e  sectors .  For example, the s u b s t a n t i a l  volune of alum- 
inum proposed f o r  use i n  space c o n s t r u c t i o n  was adapted d i r e c t l y  f rom t h e  alum- 
inum forming sector i n  t h e  i npu t -ou tpu t  t ab le .  
o r  amp l i t ron  tubes used t o  conver t  c u r r e n t  t o  microwave r a d i a t i o n  cou ld  nowhere 
be d i r e c t l y  i d e n t i f i e d ,  and energy requirements were s imply i n f e r r e d  from a 
m ix tu re  of primary nonferrous metal ,  e.g. copper, and e l e c t r o n  tubes. 
Development Sciences Inc.  (DSI) had r e c e n t l y  completed an eva lua t i on  of 
The D S I  approach involved suing i npu t -ou tpu t  analy-  
I n  t h i s  r e p o r t ,  
The DSI  ana lys i s  was a c t u a l l y  a p a r t i a l  h y b r i d  i n  t h a t  energy pathways 
For the  most p a r t ,  however, a l l  
I n  t h e  PRC survey, t he  D S I  method- 
F i r s t  o f  a l l ,  t he re  was a h igh  degree of inappro- 
S i m i l a r l y ,  t he  l a r g e  k l y s t r o n  
These and other  approximztions a r e  shown i n  E x h i b i t  11-2 which i s  a sumnary of 
t h e  computation o f  c a p i t a l  energies. I n  t h i s  contex t  c a p i t a l  energies r e f e r  t o  
those i n i t i a l  energies expended t o  launch t h e  SPS and b u i l d  t h e  rectenna s i t e .  
The o n l y  i tems excluded a re  those invo lved  i n  opera t ions  and maintenance which 
appear t o  be q u i t e  smal l .  
The t a b l e  i t s e l f  shows reasonably c l e a r l y  the  methodology by proceeding from 
cos t  i t em t o  d o l l a r  cos t  t o  a l l o c a t i o n  by sec to r  t o  energy requirement by type 
of energy. These data a re  taken d i r e c t l y  from t h e  o r i g i n a l  re ference.  
E r r o r  to lerances and the  r e s u l t i n g  var iance i n  t o t a l  energy requirement have been 
added as t h e  f i n a l  columns t o  E x h i b i t  11-2. They are presented i n  o rde r  t o  show 
which sec tors  c o n t r i b u t e  most s i g n i f i c a n t l y  t o  the  u n c e r t a i n t y  o f  t he  f i n a l  
est imate.  The most s i g n i f i c a n t  e r r o r  t o le rance  i s  n o t  f rom t h e  CAC re fe rence b u t  
r a t h e r  a r b i t r a r i l y  imposed by t h e  consul t a n t  on t h e  s o l a r  c e l l  b lanke t  component 
of the s o l a r  array.  The un tes ted  technology, s u b s t a n t i a l  need f o r  q u a l i t y  con- 
t r o l  , and o the r  factors  suggest t h a t  t h e  i n i t i a l l y  supp l ied  value i s  probably 
n o t  even t h i s  accurate. Other e r r o r  to le rances  a r e  taken from CAC data 
(Reference 4 ) .  
Even w i t h o u t  consider ing the u n c e r t a i n t i e s  i n  t h e  data o r  t h e  problems of aggre- 
gat ion,  t h e r e  could be as much as a 12 percent e r r o r .  I n  a d d i t i o n  t o  the s o l a r  
ar ray,  
aluminum forming, inorganic  chemicals (used as a proxy f o r  l i q u i d  gas f u e l s ) ,  
and new cons t ruc t i on  ( u t i 1  i t i e s ) .  
o t h e r  sectors which c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h i s  u n c e r t a i n t y  i nc lude  
. .  . . .  - 
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EXHIBIT 11-2 - CAPITAL ENERGIES FOR SPS BY MAJOR COMPONENT' 
(5-GW Sate1 1 i te-1976-Gall ium) 
c o s t  Item 
S o l a r  Array  
B l a n k e t s  
C o n c e n t r a t o r  
S t r u c t u r e  
.%St 
T o t a l  
T r a n s m i t t i n g  Antenna 
OC-W C o n v e r t o r s  
Other Components 
T o t a l  
E q i p n e n t  
S t a t i o n s / H o d u l e s  
Assembly C q u i p m n t  
T o t a l  
T r a n s p o r t a t i o n  
V e h i c l e s  ( A l l  T y p C S )  
F l i g h t  Costs 
cost 
51974 
B i l l .  -
1.501 
.067 
.18C 
.05J 
1 . 7 9 8  
-
.133 
.3E5 
.495  
-
-306 
-267 
- 
.573 
1.386 
1.892 
T o t a l  
P e r s o n n e l  
P.eceivlng Antenna 
Real E s t a t e  
S i t e  P r e p a r a t i o n  
S u p p o r t  S t r u c t u r e  
W-OC S u b a r r a y s  
Pore r I n t e r f a c e  
P h a s e  F r o n t  C o n t r o l  
T o t a l  
T o t a l  A l l  C o s t  Item: 
3.278 
.077 
.095 
.040 
.570 
-380 
.235  
.025  
1 .345  
-
A l l o c a t i o n  by S e c t o r  
PCt. -
100 
100 
100 
50 
5n 
100 
50 
50 
60 
20 
20 
30 
30 
30 
1 0  
1 3  
12 
12 
9 
8 
46 
1 0 0  
100 
1 0 0  
1 0 0  
100 
100 
Nu-r and Name 
P e r  E S K  s t u d y  
2801 P l a s t l c m  
3808 hluminum Forming 
3808 Aluminum Forming 
3005 Primary N o n f e r r o u s  
5701 E l e c t r o n  Tubes  
3808 Aluminum P o m i n g  
6001 A i r c r a f t  
5703 E l e c t r o n i c  Comp. 
4603 H o i s t s /  C r a n e s  
5604 R a d i o - N  Cquipnent  
5703 E l e c t r o n i c  Comp. 
3809 
6001 
5703 
3809 
6001 
570 3 
2701 
6700 - 
Nonfer rous  ne ta l s  
A i r c r a f t  
ectrorri c comp. 
G e n e r a l  A c t i v i t y  
E:qirferrous n c t a l s  
A i r c r a f t  
E l e c t r o n i c  Conp. 
I n o r g a n i c  Chem. 
R a d i o - N  Comnun. 
Genera l  A c t i v i t y  
( i n c l u d e d  e l s e w h e r e )  
7101 Real E s t a t -  
1103 N e w  C o n s t . ( U t i l . )  
1103 N e w  C o n s t . l U t i l . 1  
4210 H e t a l  F o i l  & Leaf 
1 1 0 3  N e w  Const .  ( u t i 1 . I  
5703 E l c c .  Swi tch  Gear 
C o a l  - 
22.35 
2.03 
8 .51  
2.36 
35.25 
-
1.72 
0 .55  
17.26 
19 .53  
-
1.15 
1 . 4 3  
2.59 
0.32 
0.50 
5.09 
- 
8.39 
3.13 
3.90 
0.61 
4.96 
1 .71  
2 .13  
6.30 
0 . 6 9  
8 . 2 0  
40.02 
-
u.34 
0.57 
8.09 
12 .95  
3.32 
0 . 2 3  
25 .70  
-
T o t a l  
78.67 
3 . 3 3  
25.95 
7 .21  
120 .16  
-
6 . 0 1  
2.07 
52.63 
6 0 . 7 1  
-
3.70 
4 .75  
6.27 
1.08 
1 . 6 6  
17.46 
-
27.10 
10.05 
6.00 
1 6 . 1 5  
5 .48  
7.07 
26.79 
2.60 
22.07 
156.64  
._. A.  
1 L . 2 2  
. -.. *. P' 
1.95 
27.77 
42.03 
11.44 
0 .72  
85 .53  
440.50 
-
I- 
Energ). a e q u i r e n c n t s  I 1 3 l 2  B t u )  
Crude Ilydro- 
6 Gas - 
47.72 
5.72 
13 .10  
3 .64  
70.18  
-
3.52 
1 . 3 3  -2G. 56 
31.41 
2.16 
2.86 
3.22 
0.65  
1.00 
9.89 
-
1 5 . 6 7  
5.87 
4.97  
3 .21  
3.20 
4.25  
18.26 
1.81 
31.24 
102 .11  
- -- 
I .  I 1  
i . V 3  
1.28  
18.22 
25.29 
7.52 
0 . 4 1  
53.72 
-
N u c l e a r  
8.60  
0 . 5 8  
4 . 3 4  
1 . 2 1  
1 4 . 7 3  
-
0 . 7 7  
0 . 1 9  
8.81 
9.77  
-
0 . 3 9  
0.46 
0.46  
0.11  
0 . 1 6  
1.58 
-
3.24 
1.05 
i.26 
0.42 
1 .92  
0 .57  
0 . 6 9  
2 .23  
0.30 
2.63 
1 4 . 3 1  
-
S.VG 
0.10 
1 .46  
3.79 
0 . 6 0  
0 . 0 8  
6.11 
-
Variance of 
Error 2 lb-1 Energy 4 
T o l e r a n c e s  Rsquirements 
3 
501 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
11.A. 
3 
3 
3 
4 
13 
N.A. 
N.A. 
61 
7 
7 
4 
7 
3 
39.34 
.25 
.78 
.22 
40.59 
-
.18 
.06 
1.58 
1.82 
-
-11 
.14 
.19 
.03 
-05 
-52 
-
- 8 2  
.30 
.;5 
.48 
.16 
. 2 1  
1.07 
.36 
-- 
-- -
3.79 
1 
.10 
-14 
1.98 
1.68 
.80 
.02 
4.68 
51.40 
-
- 
-- 
Note: N . A .  i n d i c a t e s  n o t  a v a i l a b l e  
--  i n d i c a t e s  no t  app l i cab le  
1 
2 
A l l  data, un less otherwise noted, from Reference S16, E x h i b i t  46. 
Taken d i r e c t l y  from: Clark ,  W. Bu l l a rd ,  Peter S. Penner, and David A, P i l a t i  , Net 
Energy Ana lys i s :  Handbook f o r  Combining Process and Input-Output  Analyses, Center 
fo r  Advanced Computation, U n i v e r s i t y  of I l l i n o i s  a t  Urbana-Champaign, (CAC Document 
No. 214) ,  October 1976, Table A-7 (To ta l  Primary), pp. 65-66. 
code n o t  shown, f i g u r e  f o r  more general SIC code used. 
I f  s p e c i f i c  S I C  
J 
A l l a n  D .  Ko t i n ,  Economic Consul tants  est imate.  
Computed as produc t  o f  energy requirements, t o t a l  and e r r o r  to le rances .  
4 
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Other problems revealed by th i s  analysis include the h i g h  degree of aggregation 
and occasionally inappropriate allocations of cost  i tern t o  specific sectors.  
The use of  a i rc raf t  and electronic components as prow f o r  space s ta t ions and 
modules; the use o f  hoist  cranes, radio equipment and electronic conponents for 
space assembly systems, are only two examples of the type of gross approximation 
that  was requi red. 
I n  summary, this analysis indicated that  some type of comparison can be drawn 
i n  a relatively short time from a budget. 
coarseness o f  the budget input and i t s  inapplicabili ty t o  the sectors in the 
input-output table, seriously l imit  the accuracy and reliance which can be 
placed or, the concl usions. 
A t  the same time, however, the 
T h i s  highly abbreviated i n p u t - o u t p u t  based analysis concluded t h a t  the SPS 
required an energy subsidy o f  approximately 15.9 percent. 
favorably w i t h  estimates developed by DSI for  most competing technologies. 
The only technologies w i t h  lower energy subsidies were qeothermal and s t r i p  mined 
coal w i t h  a mine mouth power p lan t .  
This compared 
Two problems were encountered i n  the final comparisons presented i n  the PRC study 
In  the DSI analysis o f  electr ical  generating systems, a 20-year l i f e  i s  
assumed. The SPS concept i s  predicated on a 30-year l i f e .  
(cap i ta l )  energies a re  greater i n  the SPS than i n  most other generation 
technologies, the lifetime over which t o  amortize these is  particularly c r i t i c a l .  
For example, the energy subsidy for the SPS increases by almost 25 percent i f  
the capital ( i n i t i a l )  energies are amortized over 20 rather than 30 years. 
This points o u t  the need for a c o m n  time frame o r  a rational basis for  using 
different  time frames i f  power generation technologies are t o  be compared as 
t o  the i r  energy requirement. 
A second and closely related problem concerns plant o r  load factor assigned 
t o  each power plant. 
load  factors of 80 percent or less  are used. 
the "nominal" load  factor for the SPS was 95 percent. 
i n t o  occultation effects  and maintenance requirements indicate a load factor  of 
92 percent. 
Since i n i t i a l  
In the DSI methodology and i n  most power p l a n t  evaluations, 
A t  the time of the PRC survey, 
Subsequent research 
A Material s-Energy Approach Wi th  Accompanying Uncertainty: 
The two published references covering th i s  research expl ic i t ly  s t a t e  t h a t  the 
findings are only preliminary i n  character, t h a t  the research i s  continuing, 
and t h a t  the number of inputs t o  the analysis i s  a rb i t r a r i l y  limited i n  the 
in te res t  o f  expediency. Dr. Herendeen further rein- 
forced these important qualifications in subsequent personal communications, 
He went on the s t ress  t h a t  the presentation of the SPS, along w i t h  the gasohol 
technology f o r  enriching gasol ine with grain alchohol , was selected for  pre- 
sentation a t  the IGT symposium only because they appeared t o  represent examples 
of  technologies t h a t  approached the energy l i m i t ,  i . e . ,  could require more 
The Herendeen Paper 
(References 13 and 1 4 ) .  
-54- 
energy than they produce. 
modified his findings and par t ia l ly  reversed himself on the question of whether 
or n o t  the SPS actually approached the energy l imi t .  
A t  the presentation of his paper, Dr. Herendeen 
The actual energy rat ios  are t o  some extent irrelevant in any case. What i s  
particularly s ignif icant  about this paper is  the types o f  assumptions t h a t  
the author had t o  make, his treatment o f  uncertainty, and the special problems 
he encountered i n  attempting t o  apply his methodology t o  the SPS. 
The following q u o t a t i o n  provides an overview of bo th  the methodology employed 
and some' of the problems encourntered: 
The SPS .... has been studied a t  a low level since i t s  proposal i n  
1968 and was the subject of congressional hearings i n  A p r i l ,  1978. 
I t  has the obvious advantage o f  almost completely uninterrupted 
insolation i n  i t s  geosynchronous orb i t .  
ambitious: typically oce talks of 5-10 GW capacity, w i t h  an array 
s ize  i n  space of 100 kmL and a receiving antenna (rectennaj o f  100- 
200 km'. I t  goes w i t h o u t  saying t h a t  any design data are somewhat 
uncertain. 
I have a t  empted an energy analysis based on available publications. 
approach i n  which the SPS i s  characterized by five 'modules' ( fo r  
example, transportation ,to orb i t )  each requiring 10 materials ( f o r  
example, s i l icon for  solar  ce l l s )  and whose overall requirements or 
performance are governed by e i g h t  parameters ( for  example, half 
l i f e  of  solar  ce l l s  i n  spacej. 
Besides fuzzy data material requirements, because the project is 
so f a r  i n  the future the energy in tens i t ies  o f  these materials are  
also very fuzzy.. ..given th i s ,  the only response i s  t o  perform an 
elementary e r ror  analysis..  . .(Reference 1 4 ) .  
Design concepts are 
Because o 1 data uncertainties I have used a rather aggregated 
A careful review of this paper, combined w i t h  subsequent discussions w i t h  the 
author, reveal the following elements i n  his analysis: 
1.  The energy analysis i s  based exclusively on the energy requirements 
o f  key materials; materials energy intensive are taken from the CAC 
i n p u t - o u t p u t  analysis and include indirect  energies. 
2 .  Not a l l  materials involved i n  the SPS are considered 
3 .  The SPS concept evaluated i s  the s i l icon concept, since there i s  no 
mention o f  gal l ium. 
4. The reference concept for  this  analysis was the 1976 Johnson Space 
Center concppt involving 10-GW s a t e l l i t e s  t o  be constructed a t  the 
rate  of 2-4 per year for  a to ta l  development plan of  112 s a t e l l i t e s .  
The analysis i s speci f ical  l y  and appropriately concerned w i t h  perfor- 
mance character is t ics  o f  the s a t e l l i t e ,  notably the degradation of 
the solar  ce l l s  i n  o rb i t .  
5. 
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Th is  l a s t  p o i n t  i s  o f  some concern s ince  the  a u t h o r ' s  es t imate  o f  t he  degra- 
da t i on  o f  t h e  s o l a r  c e l l s  i s  h i s  own and does n o t  r e f l e c t  t h e  c u r r e n t  re fe rence 
concept e f f i c i ency  parameters. I n  the  c u r r e n t  design, the  SPS o u t p u t  capac i t y  
w i l l  a c t u a l l y  be somewhat overs ized i n i t i a l l y  and t h e  s o l a r  c e l l s  w i l l  be 
p e r i o d i c a l l y  repa i red  through a spec ia l  anneal ing process. The average ou tpu t  
t o  the  u t i l i t y  g r i d  o f  the SPS system should t h e r e f o r e  be mainta ined a t  i t s  
des ign l e v e l  throughout i t s  30-year 1 i f e t i m e .  
This  i s  b u t  one o f  several problems r a i s e d  by  D r .  Herendeen's s t r o n g  emphasis 
on u n c e r t a i n t y  ana lys is  i n  the energy a n a l y s i s  o f  the SPS. E x h i b i t  11-3 
reproduces a l i s t  o f  i n p u t  va r iab les  whose u n c e r t a i n t i e s  were taken i n t o  account 
i n  D r .  Herendeen's ana lys i s .  Two o f  the  i tems on t h i s  l i s t  a re  a l ready  
i m p l i c i t  i n  h i s  t reatment  o f  ou tpu t  degradat ion ( i tems 1 and 6, s o l a r  
c e l l  h a l f  l i f e  and c e l l  a t t r i t i o n ) .  The v a r i a t i o n s  i n  t h e  rectenna area and 
t h e  s o l a r  c e l l  th ickness are  themselves somewhat p rob lemat ic .  So la r  c e l l  
th ickness  has an ext remely powerful e f f e c t  on m a t e r i a l s  requirements and, 
i n d i r e c t l y ,  on t r a n s p o r t a t i o n  requirements. 
The u n c e r t a i n t i e s  associated w i t h  energy i n t e n s i t i e s  ( I tems 6 through 17 on 
the  Table) a re  m r e  a p p r o p r i a t e l y  the  concern o f  the  energy a n a l y s t  than some 
o f  t h e  performance parameters o f  the SPS. 
areas i n  which a d d i t i o n a l  research i s  m a n i f e s t l y  needed. The use o f  a S ing le  
"energy i n t e n s i t y "  f o r  e l e c t r o n i c  p a r t s  f o r  a p r o j e c t  t h i s  heterogeneous 
c l e a r l y  poses a problem o f  aggregat ion.  S i m i l a r l y ,  t h e  wide ranges i n  energy 
i n t e n s i t y  assoc iated w i t h  s i l i c o n ,  l i q u i d  hydrogen and argon shou ld  be reducable 
through f u r t h e r  research.  Admi t ted ly ,  t h i s  was o n l y  an i n i t i a l  approx imat ion 
and no a t tempt  was made a t  re f inement .  
The f i n a l  i t e m  on the l i s t  o f  u n c e r t a i n t i e s  i s  p a r t i c u l a r l y  s i g n i f i c a n t  
because i t  again deals  w i t h  t h e  amount o f  c r e d i b i l i t y  t h a t  should be g iven t o  
t h e  reference concept. I n  subsequent conversat ions , D r .  Herendeen i n d i c a t e d  
t h a t  t h e  range o f  1-2 assigmed t o  "mater ia l  q u a n t i t y "  r e a l l y  a p p l i e d  t o  the  
amount o f  mater ia l  t h a t  would have t o  be l i f t e d  i n t o  o r b i t  and were used then 
as p rox ies  fo r  v a r i a t i o n  i n  the  h i g h l y  energy i n t e n s i v e  f u e l  requirements of  
launch and i n t e r o r b i t a l  t r a n s p o r t a t i o n .  
Even here, however, t he re  a re  severa l  
There i s  a r e a l  ques t ion  as t o  whether l a r g e  u n c e r t a i n t i e s ,  o r  any u n c e r t a i n t i e s  
fo r  t h a t  ma t te r  should be assigned t o  " t a r g e t "  parameters o r  des ign spec i f i ca -  
t i o n s  i n  t h e  reference concept. A t t a t c h i n g  e r r o r  to le rances  o r  ' 'range va lues"  
t o  key performance parameters o f  the SPS can have an ex t remely  powerful e f f e c t  
on the  r e s u l t s  o f  any energy a n a l y s i s .  Such performance u n c e r t a i n t i e s ,  
p a r t i c u l a r l y  when compounded, c rea te  c r e d i b i l i t y  problems even f o r  an i l l u s t r a -  
t i v e  energy ana lys i s  o f  t he  SPS. 
The problem o f  compounding u n c e r t a i n t i e s  was acknowledged by t h e  au thor .  A t  
the  p resen ta t i on  of  t h i s  paper, he presented a re f i nemen t  of h i s  a n a l y s i s  i n  
which the unce r ta in t y  range was narrowed. Ins tead  o f  assuming t h a t  a l l  the 
wors t  values would apply concur ren t l v  or t h a t  a l l  t he  b e s t  values would app ly  
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concur ren t ly ,  he a p p l i e d  a random s i m u l a t i o n  (Monte Car lo )  technique t o  
generate a mixed d i s t r i b u t i o n .  
The summary r e s u l t s  o f  the paper, together  w i t h  t h e  changes e f f e c t e d  by the  
Monte Car lo  t reatment of uncer ta in ty ,  a r e  shown i n  E x h i b i t  11-4. The 
"energy r a t i o " ,  de f ined on t h e  tab le ,  a p p l i e d  t o  t h e  e n t i r e  l i f e t i m e  o f  the  
SPS. I n  h i s  i n i t i a l  est imates,  t h i s  energy r a t i o  v a r i e d  f rom 0.5 t o  9 .  
A f t e r  a p p l i c a t i o n  o f  t h e  Monte Car lo  technique s i m u l a t i n g  a random d i s t r i b u t i o n  
o f  extremes, the range narrowed t o  0.7 and 3.9. 
Energy r a t i o s  a r e  presented on a " f u e l  -i n c l  uded" and a " f u e l  -exc l  uded" bas i  s. 
For s o l a r  systems, there  i s  no d i f f e r e n c e  between " f u e l  inc luded"  and " f u e l  
excluded" r a t i o s .  Therefore, t h e  SPS energy r a t i o s  on a " f u e l  inc luded"  b a s i s  
are s u b s t a n t i a l l y  h igher  than a l l  t h e  o t h e r  technologies which are, by thermo- 
dynamic law, s i g n i f i c a n t l y  under 1.0. Which o f  the  two r a t i o s  i s  b e t t e r  i s  a 
p o l i c y  dec is ion,  b u t  even t h i s  b r i e f  a n a l y s i s  suggests t h a t  bo th  r a t i o s  should 
be presented. 
The second major d e f i n i t i o n a l  problem r e f l e c t e d  i n  t h e  a u t h o r ' s  a n a l y s i s  
concerns the  equ iva len t  energy value o f  e l e c t r i c a l  ou tpu t .  The " f r e e  energy" 
content  on enthalpy of  k i l o w a t t  hour ( e l e c t r i c a l )  i s  3413 Btu.  I t  t h e r e f o r e  
appears t e c h n i c a l l y  accurate t o  p resent  energy r a t i o s  f o r  power by 3413 and 
comparing t h i s  product  t o  the energy requirements as expressed i n  B t u ' s .  
There i s  , however, p o t e n t i a l  problem associated w i t h  t h i s  apparent ly  s t r a i g h t -  
forward conversion. Convert ing t o  e l e c t r i c i t y  t y p i c a l l y  r e q u i r e s  t h e  expendi- 
t u r e  o f  approximately 10,000 B t u  p e r  kwh s i n c e  t h e  thermal e f f i c i e n c y  of 
energy conversion i n  f o s s i l  f u e l  power p l a n t s  i s ,  a t  best ,  approx imate ly  35%. 
I n  t h e  course o f  h i s  presentat ion,  D r .  Herendeen acknowledged t h i s  p o t e n t i a l  
incons is tency  and r e s t a t e d  h i s  energy r a t i o s  t o  account f o r  the f a c t  t h a t  the  
energy requirements were a l l  measured i n  thermal values whereas the  energy 
output ,  w i t h o u t  subsequent adjustment, was measured i n  the thermal e q u i v a l e n t  
o f  e l e c t r i c a l  values. 
the SPS energy r a t i o s  t o  a range o f  2.1 t o  11 .7 w i t h  an in te rmed ia te  value of  
6.6. 
used f o r  o t h e r  energy technologies.  Unless t h e  ou tpu ts  o f  t h e  processes 
be ing  compared a r e  n o t  commonly def ined,  e.g. , kwh ( e l e c t r i c a l )  o r  kwh ( thermal )  , 
t h i s  d e f i n i t i o n a l  issue creates severe problems. 
The r e s u l t i n g  change, as shown i n  E x h i b i t  11-4 r a i s e s  
The same increase by a f a c t o r  o f  th ree  a l s o  a p p l i e s  t o  the energy r a t i o s  
I n  h i s  p resenta t ion  o f  two very d i f f e r e n t  technologies,  the  SPS and gasohol, 
D r .  Herendeen took t h e  o p p o r t u n i t y  t o  address severa l  o t h e r  problems i n  energy 
ana lys is  by c o n t r a s t i n g  t h e  two processes under examinat ion.  
he compared se lected aspects of  t h e  two systems under s tudy  i n c l u d i n g  t h e i r  
s ize,  cost ,  reg iona l  s u i t a b i l i t y ,  and vested i n t e r e s t s .  I n  another  p a r t  o f  the  
a n a l y s i s  he reviewed the methodological  problems assoc ia ted  w i t h  a p p l y i n g  
energy ana lys is  t o  t h e  two processes. 
i n  E x h i b i t  11.5. 
I n  one ins tance 
The comparisons he made are  summarized 
-58- 
EXHIBIT 11-4 - SPS ENERGY RATIOS: HERENDEEN 
(1 0 GW Sate1 1 i te-1976-Si 1 i c o n )  
ENERGY RATIO ENERGY RATIO’ 
( a t  3,413 Btu/Kwe) 
Fue 1 Fuel 
( a t .  10,239 Btu/Kwe) 
I n c l  uded Excl uded Fuel Excluded 
0.31 7.7 23 Coal F i r e d  Power P1 ant3 
14 n c)a A 0  U .L-t 7 .U L i  gh t Water Nuclear P lan t3  
C o h i n e d  
Coal F i n a l  
P lan t3  
0.38 14.0 42 
SPS ( I n i t i a l  w i t h  
Ma x i  mum Range) 4 
Bes i 7 .u 2 .u 
In te rmed ia te5  i .7 1.7 
Worst 0.5 0.5 
n n  n n  
Not 
S ta ted4 
SPS ( w i  t h  Randomi zed 
U n c e r t a i n t y )  6 
Best  3.9 3.9 11.7 
In te rmed ia te  2.2 2.2 6.6 
Worst 0.7 0.5 2.1 
E l e c t r i c  Energy Del i vered over  Li f e t i  me ER = Primary, non-renewable energy requ i red  t o  c o n s t r u c t  and operate f a c i l i t y  
Computed as p e r  Note 1 w i t h  t h e  e l e c t r i c a l  o u t p u t  (numerator) m u l t i p l i e d  by th ree  
( 3  x 3,413 = 10,239) t o  r e f l e c t  t h e  energy conten t  o f  t h e  f o s s i l  f u e l  r e q u i r e d  
t o  generate t h e  e q u i v a l e n t  e l e c t r i c i t y  a t  a nominal e f f i c i e n c y  o f  33%. 
Source: Reference 25 
A l l  extremes o f  range values assumed t o  occur s imultaneously;  subsequently 
modi f ied by au thor  i n  p resenta t ion .  
Cal c u l  a t e d  u s i  ng a r i  thmet i  c a l  averages o f  a1 1 v a r i  ab1 es expressed as ranges. 
D i s t r i b u t i o n  o f  extremes f o r  range var iab les  assumed t o  be more random 
through use o f  Monte Car lo  method. 
SOURCE: References 12 and 13. 
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EXHIBIT 11-5 - METHODOLOGICAL PROBLEMS IN ENERGY 
ANALYSIS OF TWO TECHNOLOGIES : HERENDEEN 
Comparison of Selected Aspects of SPS and Gasohol: 
A S P E C T  
1 .  o u t p u t  
2 .  Solar conversion 
3. Relative s ize  
process 
4 .  Capital cost  
5 .  Potential energy 
contribution 
6 .  Regional su i tab i l i ty  
7 .  Vested interests  
S O L A R  P O W E R  S A T E L L I T E  
(48 1 0-GW Sate1 1 i tes-Si 1 icon) 
El ec t r i  ci ty 
Photovol ta i  c cel l  s 
Collector and Rectenna of order 
100 km2 (10 GW o u t p u t )  
$1 0-50 Bi 11 ion 
All U.S. e l ec t r i c i ty  
--- 
NASA, aerospace contractors 
8. Time scale t o  implement 30-50 years 
9 .  Uncertainties in d a t a  High 
G A S O H O L  
Liquid Fuel 
Bi omass 
Ty ical d i s t i l l e ry  (o f  order 
20 x 106 gal/yr. 
$10-20 Million 
surplus limi ta t ion)  
Grain be l t  s ta tes  
USDA, agriculture lobby 
1-2 years 
Low 
10  e M 2 )  .producing of order 
2% of present gasoline (crop 
Methodological problems in  Energy Analysis: 
E X A M P L E S  
1 .  Specification of Should research costs be Should agricultural energy 
sys tem boundary 
2 .  Comparison of Electr ic i ty  o u t  vs. fossil  Should process be eval uated 
different  energy fuel in .  as a petroleum-like fuel 
t Y  Pes producer only? 
end use heat pumps? per-gall on t h a n  gasol i ne? 
i ncl uded ? be i ncl uded? 
3. Consideration of Will e l ec t r i c i ty  be used in Does gasohol get bet ter  miles- 
4 .  Consideration of 
j o in t  product 
--- How i s  energy "content" of feed 
by-product counted? 
5.  Confusion of energy Complicated by SPS's expected -- 
payback with energy decrease in o u t p u t  over l ifetime 
ra t i  o 
6 .  Inclusion of fuel in 
energy ra t io  
7 .  Dynamic e f fec ts  (from 
ambitious building 
pro gra  ms ) 
This i s  not  a problem w i t h  these solar  technologies b u t  
i t  i s  for competing fossil-based technologies 
(Potentially,  a1 ways a problem) 
8. Question of negative --- 
costs vs. positive 
benef i ts* 
Should feed by-product energy 
be subtracted from input? 
*(This does n o t  change balance b u t  does change energy rat io . )  Source: Reference 13. 
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I t em 7 on h i s  l i s t  o f  methdological  problems i s  o f  p a r t i c u l a r  importance t o  
the SPS. "Ca lcu la t i on  of  ER (energy r a t i o s )  masks t h e  t ime e v o l u t i o n  o f  
energy ou tpu t  and i n p u t . "  (Reference 14) .  Although the author i s  r e f e r r i n g  
p r i m a r i l y  t o  the p o t e n t i a l  decrease i n  ou tpu t  assoc ia ted  w i t h  s o l a r  c e l l  
degradation, the i ssue  he r a i s e s  i s  of  considerable i q o r t a n c e  even i f  cons tan t  
ou tpu t  i s  assumed even through the anneal ing process. The p o i n t  remains t h a t  
t he  SPS program i s  an ambit ious one i n  which a d d i t i o n a l  u n i t s  w i l l  be added 
y e a r l y  f o r  t h i r t y  years.  It may be some t ime, the re fo re ,  be fore  the combined 
energy ou tpu t  o f  the opera t i ng  SPS f u l l y  o f f s e t s  the very s u b s t a n t i a l  energy 
requirements assoc ia ted  w i t h  the on-going f a b r i c a t i o n ,  launching and assembly 
o f  the u n i t s .  
The energy i n t e n s i t i e s  used by the author a re  n o t  t h e  r e s u l t  of  process ana lys i s  
o r  s p e c i f i c  i n d u s t r y  study. Instead, they are taken from the i npu t -ou tpu t  
ana lys i s  developed by the author and h i s  associates a t  the Center f o r  Advanced 
Computation o f  t h e  U n i v e r s i t y  o f  I l l i n o i s .  I n  subsequent discussions, the 
author s ta tea  t h a t  whi le  hz f e l t  t h a t  the ap?! icat ion o f  energy i n t e n s i t i e s  per  
d o l l a r  o f  ou tpu t  i n  gross sec tors  was inappropr ia te ,  he d i d  f e e l  t h a t  t h e  i n p u t -  
ou tpu t  approach w i t h  the energy c o r r e c t i o n s  t h a t  have been app l i ed  t o  t h e  1967 
data represented a sound working approximation o f  t o t a l  energy requirements. 
He s t ressed t h a t  by us ing  t h e  input -ou tpu t  r a t i o s  r e l a t e d  t o  physc ia l  q u a n t i t i e s  
r a t h e r  than c u r r e n t  d o l l a r s ,  i t  was poss ib le  t o  account f o r  t h e  i n d i r e c t  ener- 
g ies  as w e l l  as t h e  d i r e c t  energies.  He drew a c a r e f u l  d i s t i n c t i o n  between 
t h i s  approach and a d d i t i o n a l  process ana lys i s  which becomes extremely c o s t l y  when 
used t o  es t imate  i n d i r e c t  as we l l  as d i r e c t  energy i npu t .  
Perhaps t h e  best  sumnary of  t h e  research embodied iii thzse tzc references i s  
p rov ided by t h e  conc lus ion  t o  the  paper submit ted t o  Congress: 
To sum up; ( 1 )  The SPS seems t o  be more e f f i c i e n t  than 
convent ional  coal  o r  nuc lear  technology i n  u t i 1  i z i n g  
f o s s i l  f u e l  t o  produce e l e c t r i c i t y .  We suggest t h a t  i s  
should be compared w i t h  o t h e r  s o l a r  technologies.  
( 2 )  The SPS seems a t  l e a s t  as suscep t ib le  and very  l i k e l y  
more suscept ib le ,  as convent ional  coal  o r  nuc lear  e l  ec- 
t r i c i t y  t o  dynamic problems. ( 3 )  The u n c e r t a i n t i e s  of 
ac tua l  m a t e r i a l s  requirements a r e  so l a r g e  and produce a 
l a r g e  degree o f  u n c e r t a i n t y  w i t h  regard  t o  t h e  energy 
r a t i o .  
reduced. (Reference 14. ) 
For good comparison these u n c e r t a i n t i e s  should be 
The o n l y  observa t ion  t h a t  need be added t o  t h i s  summary i s  t h a t  an e x p l i c i t  
po l  i c y  de te rm ina t ion  should be made as t o  whether the  performance parameters 
a r e  t o  be sub jec ted  t o  u n c e r t a i n t y  ana lys i s  o r  taken as given f o r  ourposes o f  
i n i  t i  a1 eval  u a t i o n  . 
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A D i f f e r e n t  M a t e r i a l  s-Energy Approach : The JPL "Resource Assessment" 
The study of resource requirements of JPL (Reference 18) has many general 
features i n  comnon w i t h  Herendeen's ana lys i s .  
ve rs ion  of ma te r ia l  energy. 
energy i s  t r e a t e d  q u i t e  d i f f e r e n t l y .  
It i s  based p r i m a r i l y  on a con- 
I n  t h i s  instance, however, t h e  ques t ion  o f  i n d i r e c t  
The t o t a l  energy expended f o r  SPS.. . f o r  var ious  m a t e r i a l s  
resources and fue l s  depends on t h e  est imated value o f  s p e c i f i c  
energy consumption (KNh/Kg) o f  m a t e r i a l s  used as feed-stock 
i n  t h e  var ious  systems ... t h e  fundamental problem o f  ascer-  
t a i n i n g  the  s p e c i f i c  energy consumption o f  a c e r t a i n  m a t e r i a l  
i s  a proper d e f i n i t i o n  o f  t h e  boundaries. I f  they  a r e  too  
r e s t r i c t i v e , .  . .then t h e  omission becomes very  obvious. Less 
apparent, bu t  c e r t a i n l y  apparent, b u t  c e r t a i n l y  more s i g n i f i -  
cant, i s  t he  omission ... o f  t h e  energy consumed on t ranspor -  
t a t i o n  and storage, and most o f  a l l ,  f a c i l i t i e s  which i nc lude  
the c a p i t a l  equipment and t h e i r  r e p a i r  and maintenance as w e l l  
as a i r  cond i t i on ing ,  l i g h t i n g ,  scrubbers and back-up. On the  
o the r  hand, if t h e  boundaries a r e  t o o  broad, t h e  energy f l ows  ... become mult i -channeled w i t h  t h e  same energy consumption 
being shared by several  energy-using sec tors  i n  t h a t  soc ie ty .  
Then the  e n t r i e s  o f  energy- input -ou tpu t  t a b l e  becomes fuzzy  
and i t  i s  easy t o  comnit double bookkeeping .... t h e  ECON study 
gives the  r a t i o  o f  o v e r a l l  energy consumption versus process 
energy requirement a t  2.5 f o r  t h e  f i v e  m a t e r i a l s  l i s t e d .  If, 
according t o  a s p e c i f i c  source, t h e  s p e c i f i c  energy consumption 
given, t a k i n g  i n t o  account t h e  process ( o r  p roduc t i on )  energy 
consumption o n l y , t h i s  number w i l l  be m u l t i p l i e d  by a f a c t o r  o f  
2.5 t o  conver t  i t  t o  t h e  o v e r a l l  energy consumption. Presumably, 
w i t h  boundaries cover ing  a l l  aspects o f  processing, t ranspor -  
t a t i o n  and storage, and f a c i l i t i e s .  (Reference 18.) 
The JPL authors a l so  t r e a t  t h e  e l e c t r i c a l - t h e r m a l  u n i t  conversion problem r a t h e r  
d i f f e r e n t l y .  F i r s t  o f  a l l ,  they assume t h a t  a l l  e l e c t r i c i t y  used i n  t h e  develop- 
ment o f  t h e  SPS should be m u l t i p l i e d  by a f a c t o r  o f  f o u r  t o  a r r i v e  a t  t h e  thermal 
energy content o f  f o s s i l  f u e l s  consumed. They base t h i s  on an average thermal 
e f f i c i e n c y  of power p l a n t s  o f  33 percent  p l u s  an a d d i t i o n a l  adjustment f a c t o r  
f o r  maintenance, opera t ion ,  and suppl ies.  
i n  comparing the e l e c t r i c a l  ou tpu t  t o  t h e  thermal i n p u t .  I n  t h i s  case, e l e c t r i c a l  
ou tpu t  i s  m u l t i p l i e d  by th ree  t o  r e f l e c t  t h e  average o n e - t h i r d  e f f i c i e n c y  o f  t h e  
f o s s i l  fuel  f i r e d  p l a n t s  t h a t  t h e  SPS w i l l  rep lace .  This  technique does produce 
i n t e r n a l l y  cons i s ten t  est imates,  b u t  i s  n o t  c o n s i s t e n t  w i t h  most o t h e r  s tud ies .  
A s i m i l a r  reverse  adjustment i s  made 
The s p e c i f i c  energy est imates t o  which t h i s  s tudy  r e f e r s  a r e  eng ineer ing  e s t i -  
mates. 
energy a v a i l a b l e  from d i f f e r e n t  sources. 
inum and s t e e l ,  h igh and low range values f o r  t he  s p e c i f i c  energy a r e  used. 
They are quoted as range& r e f l e c t i n g  t h e  d i f f e r e n t  es t imates  o f  s p e c i f i c  
For two m a t e r i a l s  i n  p a r t i c u l a r ,  alum- 
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The findings of this study are summarized in Exhibit 11-6. 
notes to this table state several of the underlying assumptions used and list 
all the individual component materials considered. 
The extended foot- 
In sumnary, this study provides some elements of a useful model for how to 
approach the problem of SPS energy analysis. 
approach with separate analyses for space systems, propel 1 ants, rectenna systems, 
and launch sites. As previously noted in the critical materials analysis in this 
white paper, this study also represents an appropriate merging of materials and 
energy analysis. 
It is specifically modular in 
The methodology used in the JPL paper may, however, significantly limit the 
comparison of SPS energy requirements to the energy requirements of competing 
power generation technologies. 
factor to derive total energy from direct process energy is by no means univer- 
put electricity to thermal units by multiplying by factors of four and three, 
respectively, presents some comparabil ity problems. 
First of all, the use of a 2.5 multiplier 
sally accepted. Secondly, the adrniLLeuly a i  - . - L : C - - - * r  U I  L.I a i j  -nnwnrcinn buII.\.l - .-.. nf input  and out- 
It remains to be determined whether or not the use of input-output energy coef- 
ficients can add meaningfully to the accuracy of accounting for indirect energy 
requirements,which may be quite substantial in the case of the SPS. Certainly, 
the 2.5 mu1 tip1 ier factor should not be adopted without further investigation. 
ORCC z .gzic ,  the  roz ler  chnirld be cautioned in interpreting the final results of 
this analysis in terms of the currently adopted reference concept for tne SPS. 
The nominal system used for the JPL study was a 1976 Johnson Space Center con- 
cept. 
gigawatt) satellite produced in significantly larger numbers (112 satellites 
scaled down to 48). It also does not incorporate several recent design changes. 
These and other issues of non-comparabil i ty are dealt with at somewhat greater 
length in the discussion of critical materials in this white paper. 
It ignores completely the gallium option and is based on a larger (10- 
Energy Requirements of Space Vehicles, Rice's PNL Paper 
The literature search conducted as part of this effort was confined primarily to 
papers dealing explicitly with the SPS or studies depicting the general state 
of energy analysis. One notable exception to this was a recent paper by Eric 
Rice of Battelle's Columbus Laboratories entitled "Energy Impact Assessment of 
NASA's Past, Present, and Future Space Launch Vehicles" (Reference 26). In 
this paper, the author presents a detailed methodology for estimating the 
energy requirements of space 1 aunch vehicles. 
This analysis is based primarily on consideration of specific energy in a manner 
somewhat similar to the analysis presented in the JPL paper on the SPS. In this 
instance, however, the author has gone further in estimating indirect energy and 
has actually identified many of the sources of indirect energy consumption 
associated with space launch vehicles. For example, he has developed functional 
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E X H I B I T  11-6 - ENERGY PAYBACK OF 48 10-GW SPS SATELL1TES:JPL 
(1976 S i l i c o n  Concept) 
SPS System Category 
Space Systems 
Propel 1 an ts  
Rectenna Systems 
Launch S i t e s  
Total  
Q i  v i  de by 
Energy payback t i m e  ( y r )  
L i f e  Cycle Energy Expended 
Low/Low 
284.9 
87.5 
1,209.0 
10.4 
~~ 
1,591.8 
3F = 1: e 
% o f  
Total  
17.9 
5.5 
75.9 
0.7 
100.0 
GWth 
1.20 
H i  gh/Hi gh ’ 
296.2 
87.5 
1,738.0 
13.4 
2,135.1 
% o f  
To ta l  
13.9 
4.1 
81 .4 
0.6 
100.0 
3Fe = 1325 GWth 
1.61 
High/High stands fo r  h igh  aluminum/high s t e e l  bounds o f  t he  spec i f i c  
energy consumption. Likewise, Low/Low. 
Rectenna s t r u c t u r e  made o f  aluminium. 
Output o f  48 s a t e l l i t e s  each producing 92% o f  10.0 gigawatt-years annua l ly  
(mu1 t i p l i e d  by three t o  correspond t o  f o s s i l  e q u i v a l e n t )  Fe = 10 x 480 x .92 
= 441 .6. 
Ana lys is  based on s p e c i f i c  energies fo r  t he  f o l l o w i n g  m a t e r i a l s  o r  groups 
of mater ia ls :  
Aluminium Mechanical Systems E l e c t r o n i c s  Inconel  , S i  1 ver,  Molybdenum 
Steel Graphite Black P a i n t  I n s u l a t i o n ,  Mylar, Glue 
Concrete S i  1 i con  L i  q ue f i ed Hydrogen Gold Kovar 
Copper G1 ass L i q u e f i e d  Oxygen RP-1 (Rocket P r o p e l l a n t )  
Source: Reference 18. 
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r e l a t i o n s h i p s  f o r  energy expended i n  design, development and t e s t i n g ,  q u a l i t y  
c o n t r o l ,  and severa l  o t h e r  i n d i r e c t  energy cos ts  associated w i t h  space launch 
v e h i c l  es. 
What i s  p a r t i c u l a r l y  s i g n i f i c a n t  about t h i s  paper i s  t h a t  i t  prov ides a p a r t i a l  
model f o r  independent modular t reatment  of var ious  components o f  t h e  SPS. The 
importance o f  such modular t reatment  has a l ready been noted. This  paper by Rice, 
however, prov ides a s p e c i f i c  example o f  how one element i n  t h e  SPS energy r e q u i r e  
ments a n a l y s i s  can be d e a l t  w i t h  somewhat independent ly o f  t h e  others.  
func t iona l  r e l a t i o n s h i p s  s p e c i f i c a l l y  a l l o w  f o r  payload capaci ty ,  number of r e -  
uses, and o t h e r  f a c t o r s  which are  p o t e n t i a l l y  changing design parameters o f  t h e  
SPS. Given t h e  h i g h  degree o f  i n t e r a c t i o n  between s a t e l l i t e  design changes and 
t r a n s p o r t a t i o n  requirements, i t  seems wor thwhi le  t o  separate t h e  energy r e q u i r e -  
ments a n a l y s i s  i n t o  modules. I n  t h i s  separat ion,  f u n c t i o n a l  r e l a t i o n s h i p s  t o  
key " d r i v i n g "  v a r i a b l e s  such as number of launches, number o f  reuses, e t c .  should 
be e x p l i c i t l y  i d e n t i f i e d .  Subsequent changes i n  s a t e l l i t e  design can then be 
factored i n t o  t h e  energy requirements o f  space t r a n s p o r t a t i o n  i n  a very  s t r a i g h t -  
forward manner. 
H i s  
I m p l i c a t i o n s  o f  Ex tan t  Research 
Several observat ions may be drawn from the rev iew o f  t h i s  b r i e f  volume o f  e x i s t -  
i n g  research on t h e  SPS energy requirements: 
1. There i s  a need t o  e s t a b l i s h  a re ference concept w i t h  f i x e d  performance 
parameters over  a s u f f i c i e n t l y  long p e r i o d  o f  t ime t o  complete a mean- 
i n g f u l  energy a n a l y s i s  w i t h o u t  the concept be ing evaluated becoming 
obsoi  e te.  
P o l i c y  dec is ions  must be made w i t h  respec t  t o  t h e  " i m m u t a b i l i t y "  o f  t h e  
performance parameters o f  t h e  SPS and i t s  i n p u t  requirements.  Are 
u n c e r t a i n t i e s  t o  be t r e a t e d  a t  a l l ?  
t o  s p e c i f y  t h e  to le rances? 
Any energy a n a l y s i s  o f  t h e  SPS w i l l  be based t o  some s i g n i f i c a n t  degree 
on t h e  energy i n t e n s i t y  o f  major component m a t e r i a l s :  t o  t h i s  ex ten t ,  
t h e r e  w i l l  be an element o f  process ana lys is .  
Energy ana lys is  o f  t h e  SPS can be accomplished w i t h o u t  recourse t o  
input -ou tpu t  a n a l y s i s  b u t  n o t  apparent ly  w i t h o u t  some major problems 
i n  t h e  t reatment  o f  i n d i r e c t  energy costs .  
C e r t a i n  convent ions should be adopted w i t h  respec t  t o  t h e  u n i t s  t o  be 
used. 
2. 
I f  so, then who i s  b e s t  q u a l i f i e d  
3 .  
4. 
5. 
The I n t e r n a t i o n a l  Federat ion o f  I n s t i t u t e s  o f  Advanced Study ( IFIAS) r e c e n t l y  
cons idered t h e  issue o f  c o n s i s t e n t  u n i t s  (Reference 16) .  They recommended t h e  
use of  t h e  j o u l e  as t h e  measure o f  energy and t h e  use o f  t h e  " f r e e  energy" 
concept o r  enthalpy measurement f o r  a l l  t h e  forms o f  energy. Whether t h i s  o r  
some o t h e r  convent ion should be adopted, i t  i s  c l e a r  t h a t  some r u l e s  should be 
es tab1 i s  hed . 
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11-5. RECOMMENDED APPROACH TO ENERGY ANALYSIS FOR THE SPS 
General Criteria for  Selecting a Methodology 
A principal prerequisite for  any methodology t o  be applied to  SPS energy analysis 
i s  i t s  applicabili ty t o  other energy generation technologies. In the absence of 
th i s ,  the energy analysis of the SPS will become an empty exercise of l i t t l e  or  
no value t o  the policy makers who must deal w i t h  numerous competing technologies. 
I t  may be argued tha t  this  requirement should be stated even more severely i n  
tha t  no methodology should be used which has not already been applied to  other 
competing technologies. 
tives be achieved: the assurance tha t  the methodology selected i s ,  i n  f ac t ,  
applicable t o  other technologies; and the minimization of additional work i n  
making such comparisons. 
Only i n  th is  manner can two important subsidiary objec- 
The methodology selected should lend i t s e l f  t o  a modular approach. The different  
components o r  sub-systems of the overall SPS program should be susceptible t o  
to  separate analysis and expressible i n  functional terms i n  relation t o  a limited 
number of key parameters, e.g., number o f  tons t o  o rb i t ,  proportion of aluminum 
and/or concrete i n  rectenna s i tes ,  e tc .  
Another key c r i t e r i a  i s  tha t  the methodology should be suff ic ient ly  s t ra ight-  
forward and mechanistic t o  permit f a i r l y  rapid i terat ion.  Whether or not the 
in i t i a l  energy analysis i s  subjected t o  formal sens i t iv i ty  analysis,  i t  i s  
inevi tab1 e tha t  key design parameters w i  11 change and additional analyses w i  11 
be required. 
The presentation o f  energy requirements by type of energy, e .g . ,  coal,  o i l  znd 
gas, nuclear, e tc . ,  should also be a major selection c r i te r ion .  
objections t o  energy analysis center around the use of a single figure of merit,  
e.g., a net energy rat io .  
required to develop and operate a power generation system i n  suff ic ient  detai l  
for  the reader to draw his own conclusions may be considered t o  be the primary 
function of energy analysis. A major i n s i g h t  t o  emerge from the IGT symposium 
on energy modeling was tha t  many of the analysts f e l t  tha t  any ra t ios  were 
unreliable and t h a t  the key objective was to  provide sound energy accounting i n  
suff ic ient  detail  t o  permit the policy maker t o  formulate whatever ra t ios  he 
f e l t  were appropriate. 
Many of the 
The presentation of the amount and type of energy 
A Recommended Mixed Methodology Approach 
If the foregoing c r i t e r i a  are  rigorously applied, i t  i s  inevitable tha t  some 
form of input-output analysis will be used. First of a l l ,  i t  i s  the only form 
of energy analysis that  provides useful data on the different  types of energy 
used, e.g. , coal , oil  , etc .  without laborious process analysis.  Secondly, i t  
has many of the virtues of expediency. I f  necessary, i t  can be applied as  
early as the in i t ia l  dol lar  level.  I t  does r e f l ec t  differences i n  the relation- 
ship of d i rec t  and indirect energies between sectors tha t  simple multiplier 
approaches ignore. 
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Several of the disadvantages of input-output analysis require that many of the 
key initial energy requirements of the SPS be established by process analysis. 
The preliminary analysis in the PRC survey clearly demonstrates the problem of 
inappropriate aggregation associated with the direct use of input-output analy- 
sis. 
energy requirements analysis is already an exercise in distant projection. This 
problem will only be compounded by basing analysis on 1967 or even 1972 data, 
no matter how we1 1 adjusted. 
Questions o f  timeliness are particularly meaningful insofar as any SPS 
Process analysis must therefore be a critical element in any selected approach. 11 
some cases, notably the fabrication of photovotaic cells , process analysis should 
be thorough, traditional engineering analysis, presumably involving some degree 
of primary research. 
The use of material energy-intensities (an input-output concept) or specific 
energy requirements (a process engineering concept) can provide reasonable 
proxies for process analysis in many other instances. 
be no reason to reinvent the energy requirements for aluminum, copper, steel, 
etc. 
mination of the extent to which indirect energies are accounted for, should 
suffice in lieu of additional primary process analysis. 
Process analysis may also be the only way in which to deal with the problem of 
changing technology or fabrication. 
cells is projected to decrease by an order of magnitude as a function of SPS 
research and as a requirement of SPS feasibility. This cost reduction will 
i i i e v i t a b l y  be cccz~pan ied  hy ;I zubstantial , though not necessarily proportional , 
reduction in energy requirements. 
the reduction in energy requirements by examining the components of total energy 
requirements in present technology and relating prospective changes in tech- 
nology to these components. One example of this might be the rejection rate 
associated with present fabrication. Part of the cost reduction target might 
be a specified reduction in that rejection rate, i.e., better quality control. 
This is directly expressible as an energy savings. 
and technology improvements that could be translated fairly directly into energy 
savings include reduced material quanti ties or thickness, reduced thermal re- 
quirements for processing, etc. While process analysis cannot be expected tr, 
resolve the question of changing technology, it may provide the basis for at 
least a parametric treatment of reduced energy requirements. 
The cumulative impact of indirect energy requirements otherwise unaccounted for 
is perhaps the most persuasive argument for using a hybrid methodology. 
analysis may be relied upon to identify and account for the major energy-inten- 
sive elements in the SPS. The simple assertion that these major energy-inten- 
sive elements account for a large enough majority of total energy requirements 
to warrant ignoring the remainder is indefensible without further investigation. 
The cumulative effect of small proportions of total energy requirements ignored 
at each step, in an otherwise process-dominated methodology, can be quite 
significant. 
For example, there should 
Systematic evaluation of published data including, in particular, a deter- 
For example, the dollar cost of photovoltaic 
It may be possible t o  partiaiiy a p p r - u n i x t e  
Other sources of cost savings 
Process 
It may not be significant but there will be no way to know that 
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unless some attempt is made to account for these indirect energies. 
The SPS draws on a wide range of highly heterogeneous economic sectors. 
mitigates against the use of a single multiplier for a simple ratio of Btu's 
per dol lar of GNP. 
This 
Design and Pol icy Prerequisites 
Several of the policy decisions needed prior to any analysis of SPS energy 
requirements have already been noted. 
and Dther policy decisions that are required: 
Presented below is a brief list of these 
1. The treatment of uncertainties in SPS materials requirements and speci- 
fications options include: ignoring uncertainty and taking the refer- 
ence concept as is; designating technically qualified experts to pro- 
vide error tolerance estimates for all non-trivial elements of the 
system; or using the contribution of each system element to the total 
energy requirements as a criteria for determining whether it is to be 
subject to such technically expert assignment of error tolerances. 
2. Confirmation of the modular approach: if energy analysis is to be 
undertaken on a modular basis, these modules must correspond to the 
major system elements, as in the JPL study; and they must also be tied 
together by key interface variables which are defined in adv'ance as the 
"drivers" of each module. 
3 .  The identification, in advance, of which power generation technologies 
will be compared to the SPS in terms of energy requirements. Without 
such specification, the selection of appropriate methodologies and 
data bases may result in unforeseen lack of comparability at the con- 
clusion of the analysis. 
Confirmation and definition of the modular approach is an absolute necessity if 
both the gallium and silicon photocell options are to be pursued in a parallel 
manner without total duplication of effort. Only by isolating non-satellite 
components such as the rectenna and HLLV (Heavy Lift Launch Vehicles) from the 
satellite itself will it be possible to analyze both options without a total 
duplication of effort. 
The policy issue with respect to uncertainty interacts directly with a similar 
issue raised in a section of this white paper on critical materials. In that 
discussion, the recommendation was made that error tolerances for all or most 
of the materials be specified as a substitute for detailed refinements of the 
estimates based on the current reference concept. 
recommendation is followed, it partially resolves the need for specifi- 
cations of error margin in the case of the energy requirements. 
To the extent that this 
One key interaction between energy and critical materials analysis is that energy 
intensity should become a criterion for specification of error tolerances on 
materials. This is not self-evident from the materials analysis itself since the 
initial screening process could simply discriminate on the basis of whether or nc 
-63- 
a m a t e r i a l  was l i k e l y  t o  g i v e  r i s e  t o  a supply problem. 
be added t h e  e x t r a  c r i t e r i o n  t h a t  t h e  m a t e r i a l  q u a l i f i e s  f o r  f u r t h e r  i n v e s t i g a -  
t i o n  and e r r o r  t o l e r a n c e  s p e c i f i c a t i o n  i f  i t  i s  h i g h l y  energy- in tens ive.  
To t h e s e c r i t e r i a  must 
Recommended Procedural Sequence 
Presented below, i n  mod i f ied  o u t l i n e  form, is an example sequence i n  which t h e  
a n a l y s i s  o f  energy requirements f o r  t h e  SPS can be undertaken: 
Task 1 - Module D e f i n i t i o n  
1.1 Def ine modules, e.g. , two a l t e r n a t i v e  s a t e l l i t e s ,  space assembly, space 
t r a n s p o r t a t i o n  (veh ic les ,  launch, p r o p e l l a n t ) ,  rectenna f a c i l i t i e s .  
(For  energy purposes i t  may a l s o  be u s e f u l  t o  separate ground c o n t r o l  
systems. ) 
For each module, i d e n t i f y  key " d r i v e r "  parameters, e.g., s o l a r  c e l l  
th ickness  and composi t ion f o r  the s a t e l l i t e ,  payload and number o f  
reuses f o r  1 aiinch vehi  c? es , e t c .  
Reconci le modulesused f o r  energy a n a l y s i s  e x p l i c i t l y  w i t h  modules used 
f o r  c r i t i c a l  m a t e r i a l s  ana lys is ,  and i n s o f a r  as poss ib le ,  w i t h  o t h e r  
e x i s t i n g  a n a l y t i c  models o f  the  SPS. 
Task 2 - Prepare M a t e r i a l s  L i s t  by Module 
2.1 I d e n t i f y  major m a t e r i a l s  requirements f o r  each module. 
2.2 I f  m a t e r i a l s  a r e  o f  s i g n i f i c a n t l y  d i f f e r e n t  s p e c i f i c a t i o n s ,  e.g., 
d i f f e r e n t  types o f  s t e e l ,  d isaggregate and speci fy.  (A lso needed f o r  
c r i t i c a l  m a t e r i a l s  ana lys is .  j 
2.3 I d e n t i f y  m a t e r i a l s  which i n v o l v e  new and untested technologies and/or 
technologies t o  be d r a s t i c a l l y  r e v i s e d  as p a r t  of t h e  SPS e f f o r t .  
(For  process a n a l y s i s  .) 
2.4 S u m a r i z e  m a t e r i a l s  requirements f o r  t h e  e n t i r e  program and r e c o n c i l e  
w i t h  m a t e r i a l s  l i s t  used f o r  c r i t i c a l  m a t e r i a l s  a n a l y s i s .  
2.5 Prov ide d i  saggregated budget f o r  t h e  modul es , separating, i f  poss ib le ,  
t h e  c o s t s  o f  i tems i d e n t i f i e d  i n  Steps 1 and 2 above. 
o u t p u t  ana lys is . )  
Task 3 - I d e n t i f y  I n i t i a l  Candidates f o r  Process Analys is  
3.1 Major  new techno1 o g i  es . 
3.2 Major changes i n  sca le  o f  present technologies.  
3.3 M a t e r i a l s  and Frocesses so l a r g e  i n  r e l a t i o n  t o  t o t a l  p r o j e c t  t h a t  they 
should be considered even w i t h  s t a b l e  technologies,  e.g., concrete 
assemblies i n  t h e  rectennas. 
1.2 
1.3 
For  i n p u t -  
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Task 4 - Establish Base for Comparison to Other Technologies 
4.1 
4.2 
4.3 Review and identify data base used. 
Task 5 - Assemble Key Energy Data Base Items 
5.1 
5.2 For all materials on the materials list, assemble a data base of 
Assemble up-to-date 1 i terature on energy requirements of competing 
technologies. 
Review and evaluate to select not more than two methodologies or 
approaches already employed in evaluating competitive methodologies. 
Obtain the most re1 iable current input-output energy analysis from 
CAC together with all adjustment tables and formulas. 
specific energies and/or energy intensities and examine each source 
for: 
indirect energies; and (3 )  the extent to which it is specifically 
applicable (or adaptable) to the materials specifications. 
Task 6 - Perform First-Cut Preliminary Analysis 
6.1 Subject to process analysis only those initially defined candidates. 
6.2 Employ materials energy intensities and input-output coefficients 
to complete energy analysis. 
6.3 Perform uncertainty analysis on results by component. 
to uncertainties in energy intensities . )  
6.4 Review findings to identify processes and materials requiring rurther 
in-depth evaluation. 
Task 7 - Iterate and Refine Analysis 
7.1 Obtain refined input data if needed (see Task 2). 
7.2 Extend and/or refine process analyses as needed. 
7.3 Reiterate input-output and materials energy intensities portion of the 
analysis to develop final estimates. 
(1) how recent it is; (2 )  the degree to which it includes 
(May be limited 
The foregoing list is only a partial one. 
at what point a computer program should be evaluated and/or introduced. 
first four steps are prerequisites to any final analysis. 
the detail in which materials specifications are given in Task 2 can, in part, 
be subject to the findings of Task 6. 
specifications are to be considered, this would be incorporated in Step 3 of 
Task 6. 
It does not consider, for example, 
On the other hand, 
If error tolerances on SPS performance 
The 
-7% 
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111. LAND USE 
111-1. INTRODUCTION 
Est imat ing  t h e  l a n d  use impacts o f  the  SPS poses problems very d i f f e r e n t  from t h e  
problems presented by c r i t i c a l  m a t e r i a l s  and energy ana lys is .  
two c lasses o f  resources t h e r e  a r e  two c r i t i c a l  tasks:  ( 1 )  t o  est imate the  r e -  
quirements o f  t h e  SPS; and ( 2 )  t o  r e l a t e  these requirements t o  sources o f  supply 
t h a t  tend t o  be bo th  homogeneous and r e a d i l y  t ranspor tab le .  The aggregate l a n d  
requirements o f  t h e  SPS are, on t h e  o t h e r  hand, f a i r l y  easy t o  est imate w i t h  o n l y  
a few i n p u t s  and assumptions. The resources a v a i l a b l e  t o  meet these requirements 
are, however, n e i t h e r  homogeneous n o r  t ranspor tab le.  Land--or more accura te ly ,  
t h e  e a r t h ' s  surface, s ince  sea and water s i t e s  may be considered-- is  geographi- 
c a l l y  f i x e d  and, i n  most respects,  un iquely  charac ter ized  by l o c a t i o n .  
The massive land (sur face)  area r e q u i r e d  f o r  60 rectenna s i t e s  presents a p a r t i c u  
l a r l y  complex problem due t o  t h e  numerous c o n s t r a i n t s  on rectenna l o c a t i o n s .  The 
key issues here a r e  s i t i n g  issues: What are the  absolute c o n s t r a i n t s ,  i f  any, on 
such s i t e s ?  What a d d i t i o n a l  c o n s t r a i n t s  are c r i t i c a l ?  What s i t e  c h a r a c t e r i s t i c s  
a r e  h i g h l y  d e s i r a b l e ?  The answers t o  these quest ions are  n o t  a t  a l l  s e l f - e v i d e n t  
and i t  may be many cannot be answered based on t h e  c u r r e n t  d e f i n i t i o n  of  t h e  SPS 
reference concept. 
One i n i t i a l  approach t o  l a n d  use impacts i n v o l v e s  two p r e l i m i n a r y  steps. The 
f i r s t  i s  t o  develop a comprehensive l i s t  o f  s i t i n g  c r i t e r i a  t h a t  r e f l e c t s  t h e  
c u r r e n t  s t a t e  o f  knowledge ( o r  assumptions) on t h e  c h a r a c t e r i s t i c s  o f  rectenna 
s i t e s .  A second s tep  i s  t o  apply  as many as p o s s i b l e  o f  these c r i t e r i a  t o  t h e  
!.nd znd inzhnre area o f  t h e  Un i ted  States based on secondary research. 
such screening, based on publ ished data i s  t o t a l l y  inadequate to q u a i i f y  even 6 
s i n g l e  s i t e .  Too many of t h e  impor tant  s i t i n g  c o n s t r a i n t s  a r e  p u r e l y  l o c a l  i n  
n a t u r e  and cannot be evaluated w i t h o u t  f i e l d  i n v e s t i g a t i o n .  
map-based screening exerc ise  o f  t h i s  type should reveal  t h e  e x t e n t  and d i s t r i -  
b u t i o n  of "apparent ly  e l  i g i b l e "  areas for rectennas. 
For these o t h e r  
Any 
Nevertheless, a 
The l a n d  u s e - s i t i n g  s tudy e f f o r t  summarized i n  t h i s  r e p o r t  has been c l o s e l y  
coord ina ted  w i t h  another study a t  the  School o f  A r c h i t e c t u r e  and Space Solar  
Power Research Program o f  Rice U n i v e r s i t y .  
on t h e  i n i t i a l  i d e n t i f i c a t i o n  o f  e l i g i b l e  areas w i t h i n  t h e  U.S. f o r  rectenna 
s i t i n g .  Th is  " e l i g i b i l i t y "  study corresponds t o  t h e  map-based screening e x e r c i s e  
descr ibed above as the  second o f  two c r i t i c a l  p r e l i m i n a r y  s teps and i s  summarized 
i n  a separate w h i t e  paper (Reference l l ) . '  
The balance o f  t h i s  s e c t i o n  o f  t h e  ana lys is  i s  organized i n t o  seven subsect ions.  
The n e x t  subsect ion (111-2) at tempts t o  p rov ide  an overview o f  t h e  l a n d  use and 
s i t i n g  issues connected w i t h  the  SPS inc lud ing :  q u a n t i t a t i v e  l a n d  requirements;  
o b j e c t i v e s  o f  t h e  i n i t i a l  study; and c e r t a i n  gener ic  issues i n  need of  r e s o l u t i o n  
Sec t ion  111-3 reviews t h e  l i m i t e d  body o f  p a s t  and present  research on t h i s  
problem. Recommended s i t i n g  c r i t e r i a  are discussed i n  Sect ion 111-4, i n c l u d i n g  
The focus o f  t h i s  p a r a l l e l  e f f o r t  i s  
References i d e n t i f i e d  w i t h  numbers on ly  a r e  l i s t e d  a t  t h e  end o f  t h i s  s e c t i o n .  
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s p e c i f i c  reference t o  those being considered i n  t h e  Rice U n i v e r s i t y  e l i g i b i l i t y  
study. 
111-5, a long w i t h  i m p l i c a t i o n s  f o r  t h e  tasks covered i n  t h i s  w h i t e  paper. 
conc lud ing sec t ion  deals  w i t h  s p e c i f i c  c r i t i c a l  issues revealed by t h e  research 
and a recommended sequence o f  f u r t h e r  study. 
Selected f ind ings  of t h a t  e l i g i b i l i t y  study a r e  reviewed i n  Sect ion 
The 
111-2. AN O'JERVIEW OF SPS LAND USE AND S I T I N G  
Estimated Land Area Requirements 
A t  a l a t i t u d e  o f  approximately 34 degrees nor th ,  an SPS r e c e i v i n g  antenna ( rec-  
tenna) s i z e d  t o  generate f i v e  g igawat ts  o f  e l e c t r i c i t y  a t  t h e  busbar w i l l  occupy 
an e l l i p t i c a l  l a n d  area extending approximately 13 k i lometers  (8.1 m i l e s )  nor th -  
to-south and 9 k i lometers  (5.6 m i l e s )  east- to-west (Reference S15) .2 The w i d t h  
of the  rectenna area i s  e s s e n t i a l l y  f i x e d ,  b u t  t h e  length ,  t h e  nor th - to -south  
dimension, w i l l  vary w i t h  l a t i t u d e .  Because t h e  s a t e l l i t e  w i l l  be i n  o r b i t  
d i r e c t l y  above the  equator, t h e  c i r c u l a r  microwave beam w i l l  p r o j e c t  an e l l i p s e  
on t h e  e a r t h ' s  sur face anywhere except a t  t h e  equator,  d i r e c t l y  under i t . 
f u r t h e r  away from t h e  equator,  i .e. ,  f u r t h e r  n o r t h  w i t h i n  t h e  U.S., t h e  more 
elongated the  e l l i p s e  becomes. 
tenna dimension i s  shown i n  E x h i b i t  111-1. 
The 
A f i g u r e  showing bo th  t h e  p r o j e c t i o n  and t h e  rec-  
The l a n d  area occupied by t h e  rectenna e l l i p s e  i t s e l f  i s  approximately 92 k& (36 
square m i l e s ) .  A f u l l  r e c t a n g l e  o f  13 by 9 k i l o m e t e r s  w i l l  p robably  be requ i red ,  
a t  a minimum, t o  accommodate suppor t  f a c i l i t i e s .  The minimum l a n d  area w i t h  no 
b u f f e r  zone would t h e r e f o r e  be 117 k d  (45 square m i l e s ) .  
Because o f  the i n t e n s i t y  o f  microwave r a d i a t i o n  a t  t h e  edge o f  the  rectenna, .it 
i s  c r i t i c a l  t h a t  t h e r e  be a secure fenced b u f f e r  zone beyond t h e  edge of t h e  
rectenna. Radiat ion d e n s i t i e s  a t  t h e  ed e o f  t h e  rectenna a r e  est imated t o  be 
1 m i l l i w a t t  per square cent imeter  (mW/cm ) .  
microwave exposure t o  approx imate ly  10 percent  o f  t h a t  l e v e l ,  o r  0.1 mW/cn?, w i l l  
r e q u i r e  an a d d i t i o n a l  two k i lometers  (1.2 m i l e s )  on a l l  s ides o f  t h e  rectenna. 
The nominal dimension o f  a rectenna s i t e  i n c l u d i n g  t h e  b u f f e r  zone would be 13 
by 17 k i lometers  (8.1 by 10.6 m i l e s ) .  
would be 174 km2 (67 square m i l e s )  and by t h e  r e c t a n  l e  221 km 
t o t a l  l a n d  area for  60 rectenna s i t e s  would be approx imate ly  12,000 km (over  
4,600 square mi les) .  
o f  the  t o t a l  land area of t h e  c o n t i n e n t a l  U n i t e d  States.  
2 To reduce maximum u n c o n t r o l l e d  
The l a n d  area occupied by t h e  e l l i p s e  
(85.3 square 
m i l e s ) .  Assuming an average o f  approx imate ly  200 km 9 (80  square m i l e s j ,  t h e  
This  t o t a l  would represent  somewhat l e s s  than .2 percent  
The dimensions o f  the nominal rectenna s i t e  do n o t  represent  d e f i n i t i v e  s p e c i f i -  
ca t ions ,  even w i t h i n  the  e x p l i c i t l y  t e n t a t i v e  c o n t e x t  o f  t h e  reference concept 
(Reference S15). 
assumptions. Some of t h e  reasons f o r  t h i s  i n c l u d e :  
They a r e  t o  be considered o n l y  as h i g h l y  t e n t a t i v e  work ing 
References prefaced by an "S"  a r e  general  re fe rences  t o  t h e  SPS which a r e  
l i s t e d  a t  the end of t h e  e n t i r e  r e p o r t .  
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1. 
2. 
3. 
4. 
The long a x i s  of  t h e  e l l i p t i c a l  rectenna area i t s e l f  has been est imated 
o n l y  f o r  34-35 n o r t h  l a t i t u d e s  (approx imate ly  Los Angeles). Th is  l o n g  
(nor th-south)  a x i s  w i l l  va ry  measurably, though presumably n o t  substan- 
t i a l l y ,  a t  d i f f e r e n t  l a t i t u d e s  w i t h i n  t h e  c o n t i n e n t a l  U.S. 
Publ ished b r i e f i n g  m a t e r i a l  on the  SPS rectenna prov ides few s p e c i f i -  
ca t ions  f o r  t h e  s i z e  o f  t h e  b u f f e r  zone, presumably because t h e  e x t e n t  
of b u f f e r i n g  r e q u i r e d  cannot be determined u n t i l  c u r r e n t  research on 
microwave e f f e c t s  has progressed f u r t h e r .  The two-k i lometer  es t imate  
used i n  t h i s  and t h e  Rice s tudy was prov ided by t h e  Marshal l  Space 
F l i g h t  Center v e r b a l l y  i n  response t o  t h e  a u t h o r ' s  request  and i s  
admi t ted ly  based somewhat a r b i t r a r i l y  on a microwave d e n s i t y  o f  0.1 
mW/cm2 a t  t h e  b u f f e r ' s  edge. 
A maximum u n r e s t r i c t e d  exposure l e v e l  o f  0.01 mW/cm2 i s  nomina l l y  i n  
use i n  t h e  Sov ie t  Union and has been proposed, a t  l e a s t  i n  t h e  press,  
f o r  the Un i ted  States.  
According t o  t h e  re fe rence concept b r i e f i n g  (Reference S15) , t h e  lower  
dens i ty  of 0.01 mW/cm2 i s  a t  20 km f rom t h e  c e n t e r  o f  t h e  rectenna. 
T h i s  would imply  a b u f f e r  zone extending more than 15 km f rom t h e  edge 
of  the rectenna and a t o t a l  rec tenna-buf fe r  area o f  a lmost 1,700 km2 
(650 square m i l e s )  . 
Pending t h e  outcome o f  ongoing research on microwave e f f e c t s  on bo th  
humans and animals, i t  i s  n o t  known whether any l a n d  i n  t h e  buf fer  zone 
or ,  f o r  t h a t  mat te r ,  under t h e  rectenna, can be p u t  t o  p roduc t ive  use, 
e.g., g r a z i n g  o r  o t h e r  a g r i c u l t u r e .  Such concurrent  p r o d u c t i v e  use of 
rectenna s i t e s  cou ld  tend t o  reduce t h e  amount o f  l a n d  " e f f e c t i v e l y  
withdrawn" f rom o t h e r  uses even i f  t h e  nominal dimensions remained t h e  
same. 
(U.S. s tandard i s  c u r r e n t l y  10 mW/cm2). 
Operat ion o f  the SPS w i l l  r e q u i r e  ex tens ive  launch f a c i l i t i e s  f o r  space veh ic les .  
The l a n d  area requirements f o r  t h i s  purpose have been est imated a t  20-850 km2 
(8-328 square m i l e s )  (Reference S14). Land area requirements f o r  launch f a c i l  i- 
t i e s  a r e  n o t  considered i n  t h i s  paper. The l a n d  area r e q u i r e d  i s  q u i t e  smal l  i n  
comparison t o  the 60 rectenna s i t e s  and t h e  work ing assumption a t  NASA i s  t h a t  
t h i s  requirement can be met by expansion of t h e  Kennedy Space F l i g h t  f a c i l i t i e s  
i n  F l o r i d a .  
The Problem of Inadequate D e f i n i t i o n  
Stated i n  t h e  s implest  p o s s i b l e  terms, t h e  o b j e c t i v e  o f  any i n i t i a l  l a n d  use o r  
s i t i n g  study i s  t o  answer t h e  quest ion,  "Where can we p u t  rectenna s i t e s ? "  o r  
i t s  c o r o l l a r y ,  "Are t h e r e  60 s i t e s  i n  t h e  c o n t i n e n t a l  U.S. where rectennas 
can be loca ted?"  The core  of  t h e  problem i s  t h a t  t h e  re fe rence concept des ign 
i s ,  i n  many ways, o n l y  a "rough sketch."  Most o f  t h e  i n f o r m a t i o n  on rectenna 
c h a r a c t e r i s t i c s  and impacts needed t o  determine what c o n s t i t u t e s  a q u a l i f i e d  
l o c a t i o n  i s  n o t  a v a i l a b l e  pending t h e  outcome o f  ongoing o r  proposed e v a l u a t i o n  
and design ref inement e f f o r t s .  The i n i t i a l  l a n d  use and s i t i n g  s t u d i e s  a r e  
themselves p a r t  o f  a "feedback" process t o  a s s i s t  i n  des ign ref inement .  To 
overs imp l i f y ,  the problem i s  t h a t  "We c a n ' t  say where i t  can be l o c a t e d  u n t i l  we 
know what i t  i s  and we c a n ' t  f i n d  ou t  what i t  i s  u n t i l  we can say more about 
where i t  can be located."  
Obviously, t he  way t o  circumvent t h i s  problem i s  t o  adopt some working assump- 
t i o n s  which, though admi t ted l y  a r b i t r a r y ,  w i l l  p e r m i t  some i n i t i a l  i n v e s t i g a t i o n .  
The r i s k  i n  t h i s  approach i s  t h a t  these working assumptions may be so " a r b i t r a r -  
i l y "  cons t ra in ing - -o r ,  conversely, so i n a p p r o p r i a t e l y  1 i b e r a l - - t h a t  the r e s u l t s  
are n o t  meaningful. 
111-3. P R I O R  AND CURRENT RESEARCH ON RECTENNA S I T I N G  
A c a r e f u l  read ing  o f  most o f  t h e  NASA b r i e f i n g  m a t e r i a l s  on t h e  SPS and a more 
s u p e r f i c i a l  review o f  t h e  voluminous backup da ta  reveals  l i t t l e  systemat ic 
t rea tment  o f  s i t i n g  c r i t e r i a  and o n l y  one pub l ished study d e a l i n g  s p e c i f i c a l l y  
w i t h  s i t i n g  (Reference 6).2 
c r i t i c a l  t o  e s t a b l i s h i n g  a working l i s t  o f  s i t i n g  c r i t e r i a .  
The var ious  b r i e f i n g  documents a re  nonetheless 
The one NASA study t h a t  does deal s p e c i f i c a l l y  w i t h  s i t i n g  i s  a techn ica l  memo- 
randum e n t i t l e d  "Candidate Locat ions f o r  SPS R e c t i f y i n g  Antennas ," by Anne W. 
Eberhardt o f  t h e  Marshal l  Space F l i g h t  Center (Reference 6) .  
Another much more ambit ious study o f  s i t i n g  i s  now under way. 
being conducted by A r thu r  D. L i t t l e  Inc.  f o r  NASA/Marshall under subcont rac t  t o  
ECON, I n c .  Though no d r a f t  r e s u l t s  a re  ava i l ab le ,  progress r e p o r t s  and b r i e f i n g  
da ta  i n d i c a t e  t h a t  t h i s  study w i l l  i n v o l v e  an ex tens ive  l i s t  of s i t i n g  c r i t e r i a .  
I n d i c a t e d  S i t i n g  Const ra in ts :  NASA B r i e f i n g s  
This study i s  
P re l  im ina ry  d e s c r i p t i o n s  o f  rectenna s i  t e s  a re  p rov ided i n  t h e  January 'I 978 
' 'basel ine" b r i e f i n g s  by both space centers (References S2 and S14). 
s i t e  s p e c i f i c a t i o n s  a re  q u i t e  s i m i l a r .  
The bas i c  
With r e s p e c t  t o  t h e  geographic l i m i t a t i o n s  on rectenna s i t i n g ,  t he  i n i t i a l  preser 
t a t i o n  copy o f  the January Marshal l  b r i e f i n g  i n d i c a t e d  a maximum l a t i t u d e  of 
40 degrees nor th ,  which would exclude the no r the rn  t h i r d  o f  t he  c o n t i n e n t a l  U.S. 
A l a t e r  ve rs ion  o f  t he  same document had the  number changed t o  60 degrees nor th ,  
which would i n c l u d e  a l l  48 contiguous s tates.  
r e t a i n e d  f o r  a l t e r n a t i v e  e l i g i b i l i t y  analyses. 
e i t h e r  t h e  Johnson b r i e f i n g  o r  t he  j o i n t  J u l y  13 b r i e f i n g  (Reference S15). 
The January Johnson b r i e f i n g  does, however, imply  t h a t  rectennas should be 
geograph ica l l y  d i s t r i b u t e d  i n  r e l a t i o n  t o  p r o j e c t e d  power loads, s p e c i f i c a l l y  tha 
SPS power should n o t  account f o r  more than 20 percent  of t o t a l  e l e c t r i c i t y  con- 
sumption i n  any reg ion.  The b r i e f i n g  includes a map of the reg iona l  e l e c t r i c a l  
r e l i a b i l i t y  c o u n c i l s  i n  the  U.S. w i t h  two i l l u s t r a t i v e  d i s t r i b u t i o n s  of  60 rec-  
tenna s i t e s  by reg ion.  
The 40-degree th resho ld  has been 
No l a t i t u d e  l i m i t  i s  i n d i c a t e d  i n  
The Johnson b r i e f i n g  a l s o  r e f e r s  t o  a b u f f e r  zone o f  "0.8 m i l e s "  (1.3 km) which i 
somewhat sma l le r  than the two-ki lometer b u f f e r  assumed i n  t h i s  study. With the 
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smal ler  buffer zone, the  t o t a l  s i z e  o f  t h e  r e c t e m a - b u f f e r  s i t e  i s  200 kt$ 
as compared t o  221 k d  w i t h  the l a r g e r  b u f f e r  zone. 
"Candidate Locat ions" Study: NASA/Marshall 
I n  November 1977 , a techn ica l  memorandum i d e n t i f y i n g  "candidate l o c a t i o n s  f o r  SPS 
r e c t i f y i n g  antennas" 
(Reference 6) .  The o b j e c t i v e  o f  t h i s  s tudy was t o  i d e n t i f y  candidate l o c a t i o n s  
f o r  120 f i ve-g igawat t  rectennas, corresponding t o  600 g igawat ts  o f  eventual  SPS 
capac i ty .  "For t h i s  analys is ,  t h e  rectenna s i t e ,  which conta ins  the  ac tua l  
rectenna and a safety  zone, (was) assumed t o  be a 15 m i l e  diameter c i r c l e .  I n  
a l l  cases, t h i s  i s  s u f f i c i e n t  t o  c o n t a i n  t h e  e n t i r e  e l l i p t i c a l  rectenna and some 
s a f e t y  zone. I' 
was pub1 ished by the  Marshal l  Space F1 i g h t  Center 
(Reference 6. ) 
Pre l  im inary  ana lys is  suggested t o  t h e  au thor  t h a t  rectenna d i s t r i b u t i o n  on land 
could n o t  correspond t o  e l e c t r i c a l  energy usage d i s t r i b u t i o n  w i t h o u t  major d i s -  
r u p t i v e  impacts. E l e c t r i c a l  consumption i s  concentrated e a s t  o f  t h e  M i s s i s s i p p i  
w h i l e  most land i s  west of the  M i s s i s s i p p i .  As a compromise s t r a t e g y ,  t h e  study 
at tempted t o  a l l o c a t e  two rectenna s i t e s  t o  each s t a t e  (except ing  Alaska) p lus  22 
added s i t e s  t o  achieve a b e t t e r  d i s t r i b u t i o n  w i t h  respec t  t o  demand. 
a p p l i e d  f i v e  c lasses of c r i t e r i a .  The f i r s t  t h r e e  were designed t o  min imize SPS 
impact on: 
Minimum e l e v a t i o n  v a r i a t i o n s  was a f o u r t h  c r i t e r i o n  and maximum f e d e r a l  l a n d  use 
was the f i f t h  i tem. 
For the most p a r t ,  t h e  var ious c r i t e r i a  were broken down i n t o  modestly d e t a i l e d  
c l a s s i f i c a t i o n s ,  e.g., 15 types o f  land  use, 3 dimensions o f  e l e v a t i o n  c l a s s i -  
f i c a t i o n ,  and 3 types of t r a n s p o r t a t i o n .  
The numeric data base f o r  t h i s  a n a l y s i s  cons is ted  p r i m a r i l y  o f  U.S. Census 
p u b l i c a t i o n s .  
the  Un i ted  States, except f o r  spec ia l  FPC maps o f  p r i n c i p a l  e l e c t r i c a l  f a c i l i t i e s  
The emphasis i n  t h i s  study was on t h e  l o c a t i o n  o f  s p e c i f i c  s i t e s ,  apparent ly  
through map inspec t ion  and county o u t l i n e  maps a r e  prov ided f o r  a l l  48 s ta tes .  
The r e s u l t s  genera l l y  conform t o  t h e  expected d i s p r o p o r t i o n a l i t y  between popu- 
l a t i o n  and land area. 
cou ld  be loca ted  i n  e i t h e r  t h e  Nor theast  o r  M i d - A t l a n t i c  areas. Those s i t e s  t h a t  
cou ld  be i d e n t i f i e d  were i n  f a i r l y  mountainous areas. For t h e  most p a r t ,  t h e  
Mid-West was somewhat i n  balance a l though c e r t a i n  p a r t s  were l i m i t e d  by v i r t u e  
of h i g h  road dens i ty .  The t a r g e t  of two s i t e s  p e r  s t a t e  was r e a d i l y  achieved 
i n  t h e  Western s t a t e s  and was approached i n  t h e  Southeast. 
The study 
(1) l a n d  i n t e n s i v e l y  used; ( 2 )  popu la t ion ;  and ( 3 )  t r a n s p o r t a t i o n .  
Maps were taken from Rand McNally o r  f rom t h e  n a t i o n a l  a t l a s  of 
Only a small  number o f  s i t e s ,  r e l a t i v e  t o  popu la t ion ,  
Given t h e  l i m i t a t i o n  of two s i t e s  per  s t a t e ,  o n l y  69 s i t e s  cou ld  be l o c a t e d  on 
land i n  t h i s  study. The remaining 51 s i t e s  were l o c a t e d  o f f s h o r e .  Fourteen s i t e  
were l o c a t e d  on t h e  P a c i f i c  coast;  another 15 on t h e  Gulf coast;  and t h e  remain in  
22 were d i s t r i b u t e d  f a i r l y  con t inuous ly  a long t h e  A t l a n t i c  coas t  f rom Maine t o  
South Georgia. 
This study c l e a r l y  demonstrates some of t h e  problems associated w i t h  a s i t i n g  
exerc ise  designed t o  f i n d  s p e c i f i c  s i t e s .  
based on a t w o - s i t e  per  s t a t e  l i m i t a t i o n .  
It i s  d i f f i c u l t  t o  draw conclus ions 
Furthermore, t h e  c r i t e r i a  a r e  
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somewhat l i m i t e d  i n  number and the  data sources would appear t o  be somewhat 
general f o r  r e f i n e d  examination. 
l i m i n a r y  and the  au thor  acknowledged t h e  need f o r  more d e t a i l e d  research and a 
more r e f i n e d  da ta  base. 
On t h e  o the r  hand, t h e  study i s  e x p l i c i t l y  pre-  
Ongoing S i t i n q  Study by A r thu r  D. L i t t l e  Inc.  
This  c u r r e n t  s i t i n g  study i s  a l s o  be ing  performed f o r  t h e  Marshal l  Space F l i g h t  
Center under subcont rac t  t o  ECON. I t  i s  s i m i l a r  i n  several  ways t o  t h e  "candi-  
date l o c a t i o n s  s tudy"  descr ibed above. 
f y ing  s p e c i f i c  s i t e s .  
Once again, t h e  emphasis i s  on i d e n t i -  
The l i s t  o f  c r i t e r i a  developed by A r t h u r  D. L i t t l e  as p a r t  o f  t h i s  s tudy  i s  
cons iderab ly  more ambit ious than t h e  l i s t  used i n  the  "candidate l o c a t i o n s "  
study. Th is  l i s t  o f  c r i t e r i a  i s  reproduced i n  E x h i b i t  111-2. 
No pub l ished d r a f t  r e s u l t s  a re  a v a i l a b l e  from t h i s  study. According t o  P h i l i p  
Chapman, p r o j e c t  manager f o r  A r thu r  3. L i t t l e ,  t h e  i n i t i a l  o b j e c t i v e  of t h e  study 
was t o  i d e n t i f y  200 p o t e n t i a l  s i t e s  us ing a subset of t h e  c r i t e r i a  shown i n  
E x h i b i t  111-3. 
e r a t i o n s  o f  l a n d  use, topography, and popu la t ion  dens i t y .  
The "screening" subset o f  c r i t e r i a  deals p r i m a r i l y  w i t h  consid- 
Once t h e  i n i t i a l  l i s t  o f  200 s i t e s  i s  assembled, each s i t e  w i l l  be examined i n  
terms o f  a l l  o r  most o f  t h e  c r i t e r i a  l i s t e d .  The o b j e c t  i s  t o  r e t a i n  60 
" f u l l y  q u a l i f i e d "  s i t e s .  
An acknawledged and p o s s i b l v  p r imary  f u n c t i o n  o f  t h i s  study i s  t o  p rov ide  " feed- 
back" t o  NASA/Marshall t o  a i d  i n  r e f i n i n g  t h e  design o f  t h e  9 s .  One sucn 
p o s s i b l e  i n p u t  t o  redes ign  would be t h e  d iscovery  t h a t  i t  was j u s t  as easy t o  
f i n d  s i t e s  t h a t  would accommodate 10-gigawatt  rectennas as t o  f i n d  s i t e s  adequate 
f o r  5-gigawatt  rectennas. 
i s ,  i n  pa r t ,  a f u n c t i o n  o f  a perceived problem i n  s i t i n g  l a r g e r  rectennas. 
The p r o j e c t  team a t  A r t h u r  D. L i t t l e  considered and r e j e c t e d  an approach i n  which 
a l l  o r  most o f  t h e  c r i t e r i a  would be examined f o r  t h e  count ry  as a whole, poss i -  
b l y  i n  a mapping exerc ise .  They f e l t  t h a t  t o o  many o f  t h e i r  c r i t e r i a  were n o t  
s u s c e p t i b l e  t o  secondary ana lys i s .  Local f i e l d  i n v e s t i g a t i o n  was r e q u i r e d  
because t h e  l o c a l  o r  s i t e - s p e c i f i c  v a r i a t i o n  was more l i k e l y  t o  be c o n t r o l l i n g .  
Presumably, the impetus t o  5-gigawatt  rectenna u n i t s  
Issues Revealed by Current Research 
There a r e  c l e a r l y  two a l t e r n a t i v e  approaches t o  an i n i t i a l  l and  use o r  s i t i n g  
study. I n  t h e  f i r s t  approach, t he  analys is  proceeds from the  s p e c i f i c  t o  t h e  
general .  A l i m i t e d  s e t  of "screening" c r i t e r i a  a re  a p p l i e d  i n  what appears t o  
be a map i n s p e c t i o n  exerc ise.  
s p e c i f i c  p a r t i a l l y  q u a l i f i e d  s i t e s  which a r e  then presumably sub jec ted  t o  more 
r i g o r o u s  e v a l u a t i o n  i n v o l v i n g  a more expanded s e t  o f  c r i t e r i a .  
The ou tpu t  from t h i s  f i r s t  approach t o  an i n i t i a l  s i t i n g  study i s  a s e r i e s  o f  
s p e c i f i c  s i t e s  t h a t  have su rv i ved  the  second-stage screening and a l a r g e  body of 
The output f rom t h i s  process i s  a s e r i e s  of 
-81 - 
EXHIBIT 111-2 - ARTHUR D. LITTLE, I N C .  RECTENNA SITING REQUIREMENTS' 
I. 
11. 
Mandatory ( S i t e  Must Not Encompass): 
Desi gnated Wilderness Areas 
Designated Major Nat ional  Monuments 
Major S ta te  o r  Local Parks o r  
Recreat ion Areas2 
Major Scenic Areas 
Des i rab le  
Nat ional  Wild1 i f e  Refuges 
Areas Essent ia l  t o  Endangered Species 
Major  A i r p o r t s  
Hi-Densi t y  Airways 
S i g n i f i c a n t  Towns 
A. 
B. 
C.  
D. 
1 
2 
3 
4 
General 
3 Low Populat ion Densi t Re1 a t i  v e l y  Cheap Land 
Close t o  Major Load o r  U t i l i t y  
P o s i t i v e  Local Economic/Demographic 
Away f rom Federal Airways 
T ie-Point  
E f f e c t s 2  
T e r r a i  n and Engineer ing 
Road/Rai 1 road Access t o  S i  t e 3  
Powerl ine R igh t  o f  Way t o  S i t e 2  
Veh icu la r  Access w i t h i n  S i  t e 2  
Adequate Surface f o r  Construct ion:  
Min i  mum Earthmovi n g3 
M i n i  mum Sand2 
Not Wetlands 
Not Bad1 ands2 
Weather and AtmosDhere 
Not i n  Tornado Area3 
Minimum Thunderstorms ( L i g h t n i n g )  
Minimum Duststorms 
Flinimum Freezing Rain3 
Not i n  Ac id Rain Area 
Minimum E f f e c t  on Groundwater of 
Chemicals Leached from Rectenna3 
Legal and Regulatory 
Conformance t o  Federal Regula t o r y  
Const ra in ts  (EPA, OSHA, Etc .) 
Erni nent  Domain Avoided i f Possi b l  e2  
No "Nat ional  G r i d o n 2  
I n  A i r c r a f t  R e s t r i c t e d  Areas3 
Mu1 t i p l e  Use P o s s i b i l  i t i e s 2  
Room f o r  10 GW Rectenna2 
Room f o r  Several Rectennas 
I s o l a t e d  t o  Avoid Local  R F I  
Improved Local  Aes the t ics2  
Federal Lands 
Low T e r r a i n  R e l i e f  
R i  dges Eas t-West 
Good Drainage3 
Elevated Ground Plane For Safety2 
Not Earthquake Area 
Not F1 ood-Prone 
Not Sub jec t  t o  Subsidence (Sinkholes,  
Mines, Etc.)  
Not i n  Hurr icane Track3 
Reasonable Rai n f a l l  
LOW Snowfa1 1 
Weather E f f e c t s  o f  Rectenna Heat I s l a n d 2  
Local  E f f e c t s  o f  Ozone from Corona 
Discharge a t  Rectenna2 
Variances Poss ib le  f o r  Local  Land Use 
Network i n g Rec tennas 
Re gul  a t  i ons 
Unless otherwise noted, c r i t e r i a  a re  incorpora ted  i n  the  same o r  s i m i l a r  f o r m  
i n  the proposed s i t i n g  c r i t e r i a  l i s t e d  i n  E x h i b i t  111-4. 
Not cons i  dered i n  proposed c r i t e r i a .  
Considered only i n d i r e c t l y  i n  proposed c r i t e r i a .  
Not considered i n  proposed c r i t e r i a ,  b u t  d iscussed under " I n t e r a c t i o n  
w i t h  Regulat ion."  
Source: Reference 5 
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data on those f a c t o r s  which d i s q u a l i f i e d  the remaining i n i t i a l l y  " e l i g i b l e "  s i t e s  
Summary t a b u l a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  t he  s u r v i v i n g  s i t e s  and t h e  bases 
f o r  d i s q u a l i f i c a t i o n  should reveal  a great  deal about t h e  s i t i n g  problems t h a t  
w i l l  be encountered by t h e  SPS rectenna. Furthermore, t h i s  process should iden- 
t i f y  a v a r i e t y  o f  pu re l y  l o c a l  problems that, i n  a more general o r  "g lobal  I' pro- 
cess, woul d n o t  be uncovered, 
Th is  f i r s t  approach was employed by Marshall  Space F l i g h t  Center j n  t h e i r  
"candidate l o c a t i o n s "  s tudy  and i s  c u r r e n t l y  being employed by A r t h u r  D. L i t t l e  
I n c .  
I n  c o n t r a s t  to, t h i s ,  the second approach used i n  the  coord ina ted  e f f o r t  
represented by t h i s  wh i te  paper and t h e  Rice U n i v e r s i t y  study, proceeds from the  
general t o  the s p e c i f i c .  (Data i s  c o l l e c t e d  f o r  some meaningful subset o f  s i t i n g  
c r i t e r j a  i n  a form s u i t a b l e  t o  mapping, and computer encoding f o r  t h e  con t inen ta l  
U.S. as a whole. The data elements corresponding t o  c o n s t r a i n t s  o r  c r i t e r i a  a r e  
independent ly mapped and encoded. This  permits the  successive a p p l i c a t i o n  of 
c o n s t r a i n t s  and t h e  subsequent inspect ior ,  and q u a n t i f i c a t i o n  o f  t h e  remaining 
" e l i g i b l e "  area w i t h i n  the  U.S. 
Th is  more general process i n e v i t a b l y  excludes many s i t i n g  c r i t e r i a  f o r  which 
data i s  a v a i l a b l e  o n l y  on a l o c a l  l e v e l .  
"exc lus ion"  c r i t e r i a  o r  c o n s t r a i n t s  than f o r  p o s i t i v e  o r  b e n e f i c i a l  c h a r a c t e r i s -  
t i c s  o f  t h e  land. 
I t  a l s o  tends t o  work b e t t e r  f o r  
The major advantage o f  t h e  second approach i s  t h a t  i t  permi ts  successive simu- 
lztie:: e f  different rnmhinat ions o f  c r i t e r i a  t o  determine t h e  genera l i zed  impact 
o f  each c o n s t r a i n t .  I n  t h e  f i r s t  and more s p e c i f i c  approach, i t  waiild k d i f f i -  
c u l t  i f  n o t  impossible t o  quan t i f y  t h e  impact o f  any one c r i t e r i a  on t h e  amount 
of " e l  i g i  b l  e "  area. 
Both approaches lead  by d i f f e r e n t  paths t o  some p r e l i m i n a r y  conclusions as t o  
which o f  the c o n s t r a i n i n g  c r i t e r i a  a r e  most c r i t i c a l .  
i s  t h a t  t h e  f i r s t  and more s p e c i f i c  approach probably p rov ides  s i g n i f i c a n t l y  
b e t t e r  i n s i g h t  i n t o  l o c a l  o r  location-dependent va r iab les .  The second e l  i g i -  
b i l  i t y  mapping approach provides e x p l i c i t l y  q u a n t i t a t i v e  ou tpu t  w i t h  respec t  
t o  t h e  impact o f  va r ious  c r i t e r i a .  Whether o r  n o t  t h a t  ou tpu t  i s  u l t i m a t e l y  
meaningful  i s  a f u n c t i o n  o f  whether the a d d i t i o n a l  more l o c a t i o n - s p e c i f i c  c r i -  
t e r i a  captured i n  the f i r s t  approach are t h e  more impor tan t  ones. 
m e r i t s  of t h e  two approaches cannot be determined i n  advance. There i s ,  i n  f a c t ,  
a d i s t i n c t  b e n e f i t  t o  t h e  simultaneous p u r s u i t  o f  both,  a t  l e a s t  t o  t h e  p o i n t  of 
some degree o f  general f i n d i n g s  about which c r i t e r i a  a r e  t h e  most cons t ra in ing .  
A t  t h e  present  stage of t h e  ana lys i s  t h e  two may be considered complementary 
a l though i t  may become apparent a t  some l a t e r  da te  t h a t  one should be se lec ted  
over t h e  other .  
What d i f f e r e n t i a t e s  them 
The r e l a t i v e  
Another c r i t i c a l  issue r a i s e d  by t h i s  l i t e r a t u r e  rev iew concerns sea s i t e s .  
f i n d i n g s  o f  t he  "candidate l o c a t i o n s "  study suggest t h a t  even w i t h  a l i m i t e d  
number o f  c o n t r a i n t s  i t  may be d i f f i c u l t  t o  f i n d  an adequate number o f  land 
s i t e s .  A t  best  t h i s  i s  a t e n t a t i v e  conclusion s ince  t h e  study d i d  l o c a t e  69 
The 
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s i t e s .  Also, i t  i s  n o t  c l e a r  t o  what e x t e n t  t he  s i t e  l i m i t a t i o n s  were de te r -  
mined by t h e  a r b i t r a r i l y  imposed l i m i t  o f  two s i t e s  per  s t a t e .  
High popu la t ion  d e n s i t i e s ,  l i m i t e d  l and  a v a i l a b i l i t y ,  and h igh  r a t e s  o f  power 
consumption i n  t h e  New England and Midd le  A t l a n t i c  reg ions  o f  t he  U.S. suggest 
t h a t  if these regions a re  t o  rece ive  t h e i r  " p r o p o r t i o n a l "  share o f  rectennas, 
sea s i t e s  w i l l  have t o  be considered. 
Th is  leads i n  t u r n  t o  a ques t ion  o f  " p r o p o r t i o n a l "  a l l o c a t i o n .  
b r i e f i n g  and the Marshal l  "candidate l o c a t i o n s "  study take  as a s t a r t i n g  p o i n t  
t he  assumption t h a t  rectennas should be d i s t r i b u t e d  i n  p r o p o r t i o n  t o  demand. 
The Marsiral l  "candidate l o c a t i o n s "  study does suggest t h a t  popu la t i on  i s  a rea-  
sonable proxy f o r  e l e c t r i c i t y  consumption. D r .  Chapman o f  A r thu r  D. L i t t l e  Inc .  
concurs i n  t h i s  view and i s  us ing  popu la t i on  as a proxy f o r  power consumption. 
Both t h e  Johnson 
Pre l im ina ry  p r o j e c t i o n s  suggest t h a t  60 f i v e - g i g a w a t t  antennas, when f u l l y  oper- 
a t i o n a l  i n  2030, w i l l  o n l y  c o n s t i t u t e  20-25 percent  o f  t h e  n a t i o n a l  power supply. 
Except f o r  r e l i a b i l i t y  cons idera t ions ,  t h e r e  would t h e r e f o r e  seem t o  be no rea-  
son t o  d i s t r i b u t e  rectenna f a c i l i t i e s  evenly throughout the  count ry  or  i n  pro- 
p o r t i o n  t o  power consumption. 
The growing number o f  apparent c o n s t r a i n t s  on rectenna s i t e s  suggests t h a t  t h e  
f i r s t  o rder  o f  business i n  l and  use and s i t i n g  study should be t o  determine 
where rectennas can be b u i l t .  A t  t h a t  p o i n t ,  t h e  cons idera t ions  o f  where they 
"should" be b u i l t  should be added t o  t h e  ana lys i s .  
a demand-proport ional i ty c o n s t r a i n t  on s i t i n g  be fo re  t h e  key phys i ca l  l i m i t a t i o n s  
on s i t e  e l i g i b i l i t y  a r e  i d e n t i f i e d .  
It seems premature t o  impose 
111-4. PROPOSED SITIMG CRITERIA  
The s i t i n g  c r i t e r i a  proposed i n  t h i s  paper were developed from several  sources. 
NASA b r i e f i n g s  and o the r  pub l i shed r e p o r t s  on t h e  SPS were used t o  e s t a b l i s h  
phys ica l  c o n s t r a i n t s  and t o  i d e n t i f y  p o t e n t i a l l y  adverse impacts (References 
S2, S3, S13, S14, S15, S16, and S17). 
Various general l i s t s  o f  environmental impact c r i t e r i a  were reviewed t o  i d e n t i f y  
o t h e r  cons idera t ions  which were n o t  t r e a t e d  i n  t h e  SPS l i t e r a t u r e  b u t  which 
m igh t  bear on rectenna s i t i n g .  
The c r i t e r i a  used i n  t h e  o t h e r  SPS s i t i n g  s tud ies  (References 5 and 6)  were 
incorpora ted  i n t o  the p r e l i m i n a r y  1 i s t .  
The i n i t i a l  and voluminous c r i t e r i a  l i s t  was then conso l i da ted  based on t h r e e  
major cons idera t ions :  
Can the  c r i t e r i o n  be mean ing fu l l y  a p p l i e d  t o  an area, i .e .  , map g r i d  
sec to r ,  o r  does i t  r e q u i r e  t h e  i d e n t i f i c a t i o n  o f  a s p e c i f i c  s i t e ?  
Examples o f  c r i t e r i a  discarded i n c l u d e  presence o f  a rchaeo log ica l  s i t e s ,  
c u r r e n t  zoning, and p o t e n t i a l  f o r  zoning var iance. 
1. 
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2. Is the cr i ter ion conceptually independent of other c r i t e r i a  or does 
i t  r sa l ly  refer  t o  t.he same t h i n g  under a different name? Examples 
include: massive earthmoving and d i f f i c u l t  topography; cheap land and 
minimum productive use of land. 
3. Is the cr i ter ion susceptible t o  more or less  objective measurement? 
An example discarded c r i t e r i a  would be local aesthetics.  
For the most part ,  da ta  collection problems were n o t  considered in discarding 
c r i t e r i a .  Considerations of d a t a  avai labi l i ty  were, however, par t  of the 
selection process used by Rice University in the i r  In i t ia l  Evaluation of Eligible 
Si te  study. 
variables they consider. Consequently, several c r i t e r i a  proposed in t h i s  paper 
are omitted from the i r  analysis due to  the lack of a readily available and/or 
encodable data base. 
The scope of t h a t  e f for t  includes mapping and encoding a l l  of the 
Several c r i t e r i a  are included in t h e  proposed l i s t  for  which standards must s t i l l  
be established as a resul t  of other ongoing SPS research. 
frequency interference effects ,  effects  on migrating wildl i fe ,  maximum wind 
l imits ,  groundwater leaching effects ,  and others. 
These include radio 
Categorization as Exclusion o r  Inclusion Criteria 
Exhibit 111-3 l i s t s  the proposed c r i t e r i a  under a ser ies  of general headings. 
The exhibit  also ident i f ies  for  each criterion i t s  proposed exclusion o r  inclusio 
application. This categorization reflects the logical treatment of the variable 
and the manner in which i t  will be treated in the Rice In i t ia l  Evaluation of 
Eligible S i te  s t u d y .  The Rice s t u d y  team has piotteci a i l  u f  i t s  Vai-fabl,?; GZ a 
map of the continental U.S. on which has been superimposed a grid consisting of 
squares 26 kilometers (16.2 miles) on a side. Using a computer mapping routine 
the s ta tus  of each variable in each grid square will be encoded so t h a t  the 
computer may generate maps showing the land area characterized by t h a t  condition 
or  by any combination of encoded conditions. 
The various exclusion and inclusion applications designated in Exhibit 111-3 and 
the corresponding computer treatments are: 
1.  Exclusion-Universal: These are conditions which are  assumed t o  com- 
pletely preclude location of a rectenna s i t e  within the grid square. 
2.  Exclusion-Potential: These are conditions which are  to  be avoided i f  
a t  a l l  possible. 
3 .  Inclusion-Potential : This category applies t o  desirable conditions 
rather t h a n  s i t ing  constraints. I f  a plot of these c r i t e r i a  were super- 
imposed on the "non-excluded" area, the resulting map would show n o t  
only which areas are e l ig ib le  b u t  which are actually desirable. 
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EXHIBIT 111-3 - PROPOSED INITIAL SITING CRITERIA 
Criterion 
Land Characteristics 
Federal Ownership 
National Recreation Areas 
Indian Reservations 
Mil i tary Reservations 
National Forests 
Bureau of Land Management 
Other 
Topography 
Topography Unacceptable 
South- fac i n g  slopes 
Wet1 ands 
Currently Productive Use 
Local Government Ownership 
State Recreation Fac i l i t i es  
Other State  Land 
Local Government Land 
In Flood Area 
Poor Soils 
Seismic Hazard 
Water on S i t e  
High Groundwater Table 
North o f  40' Latitude 
Population 
Urbanized Metropol i tan 
Urbanized Non-metropol i tan 
Adjusted Population Density 
Reference 1 
Exclusion 
Var ia b l  e 
Universal 
Potentia 1 
Potenti a1 
Po tent i a1 
Universal 
Potent i a1 
Uni versal 
Potent i a1 
Universal 
Universal 
Potential 
Potent i a1 
Potent i a1 
Potent i a1 
Poten t i  a1 
Poten t i  a1 
Uni versal 
Un i versa 1 
Universal 
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I ncl us i on 
Variable 
Po ten t  i a1 
Potent i a1 
Pot en t i a1 
Po t en t  i a1 
Potentia 
Adjacent 
Ad j acen t 
Treatment i n  Rice University 
El i g i b i  1 i ty  Study 
Mapped, encoded ( 5 )  
Mapped, encoded (5) 
Mapped, encoded (5)  
Mapped, encoded (6 )  
Mapped, encoded ( 5 )  
Mapped, encoded (5 )  
Mapped, encoded ( l o ) ,  3 levels 
Mapped, encoded ( l l ) ,  3 levels 
Mapped, encoded as Wetlands (9 )  
and Marsh Vegetation (10) 
Mapped, encoded as "Land i n  
Cultivation" (15),  and "Land 
Suitable fo r  Cultivation" (16) 
each a t  2 levels 
Not treated 
Not treated 
Not treated 
Not treated; Wetlands and 
navigable water ways are  
par t ia l  proxies 
Not treated 
Mapped, encoded ( 18) 
Not treated 
Not treated 
Mapped, encoded ( 19) , Design 
Consideration on a l l  sumary 
maps 
Mapped, encoded ( 7 )  
Mapped, encoded ( 7 )  : 
Density >50/sq. mile 
Mapped, encoded ( 7 )  : 
Density >50/sq. mile 
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EXHIBIT 111-3 - PROPOSED INITIAL S I T I N G  CRITERIA 
(Continued) 
C r i t e r i o n  
Transpor ta t ion  
I n t e r s t a t e  Highway 
Primary Local Roads t o  S i t e  
A i r p o r t  Nearby 
A i r  Approach Cor r i do rs  
I Major A i r  Co r r i do rs  
Rai 1 road 
Navigable Waterways 
C1 imate 
Winds Over 90 m.p.h. 
Winds Over 50 Knots 
Thunderstorm Area 
H a i l  Area 
High To ta l  P r e c i p i t a t i o n  
Ac id  Rain Area 
Dust Storm Area 
Environmental Concerns 
Very Poor A i r  Q u a l i t y  
Endangered Species H a b i t a t  
Other W i l d l i f e  H a b i t a t  
Wildfowl Flyways 
U t i l i t y  I n t e g r a t i o n  
P r o x i m i t y  t o  G r i d  
RFI E f f e c t s  
Near Ma jor/Numerous RF Soilrces 
Reference 1 1 
Excl us i on 
Var iab le  
Poten ti a1 
P o t e n t i a l  
Universal  
Universal  
Po t e n t  i a1 
Po ten t ia l  
Un i versal 
Uni versal 
Po ten t i a l  
Po ten t i a l  
Uni versal 
Po ten t i a l  
Po ten t i a l  
Po t e n t  i a1 
Po ten t i  a1 
Uni versal  
Pot en ti a1 
Po t e n t  i a1 
Potent i a1 
I n c l u s i o n  Treatment i n  Rice U n i v e r s i t y  
Var i a b l  e E l  i g i  b i  1 i ty Study1 
Adjacent Mapped, encoded (1  3 )  
Adjacent Not t r e a t e d  
Not t rea ted ;  Popu la t ion  as proxy 
Not t rea ted ;Popu la t i onas  proxy 
Not t r e a t e d  
Not t r e a t e d  
Mapped , encoded (1 2)  
Ad j acen t 
Not t r e a t e d  
Mapped, encoded (20) : Design 
Cons idera t ion  
Mapped, encoded (22) : Design 
Cons idera t ion  
Mapped , encoded ( 21 ) : Design 
Cons idera t ion  
Mapped, encoded (23) as Sheet 
R a i n f a l l ;  Design Cons idera t ion  
Mapped, encoded ( 24) : Desi gn 
r..nr;Anw5+inn bulla 6 U L . l  U C I Y I ,  
Not t rea ted ;  Wind i s  p a r t i a l  
proxy 
Not t r e a t e d  
Mapped, encoded ( 14) 
Not t r e a t e d  
Mapped , encoded (1 7) 
P o t e n t i a l  Overlay map only ;  n o t  encoded 
Not t rea ted ;  Popu la t ion  i s  
p a r t i a l  proxy 
Source: A l l a n  D. Kot in ,  Economic Consultants and Space So lar  Power Research Program, 
R ice  U n i v e r s i t y .  
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I 
4. Inc lus ion-Adjacent :  There a re  severa l  cond i t i ons  which would d i s q u a l i f y  
a s i t e  i f  they  occurred on o r  immediately a d j o i n i n g  t h e  proposed 
rectenna s i t e ,  bu t  would a c t u a l l y  be d e s i r a b l e  a t  a r e l a t i v e l y  nearby 
l oca t i on ,  i .e . ,  i n  t h e  nex t  g r i d  square. This  i s  p a r t i c u l a r l y  t r u e  of 
major  t r a n s p o r t a t i o n  access which cannot pass through a rectenna s i t e  
bu t  which would be q u i t e  d e s i r a b l e  t o  have nearby, p a r t i c u l a r l y  d u r i n g  
cons t ruc t i on .  
I n  two cases, the same c r i t e r i o n  i s  ca tegor ized  as bo th  an exc lus ion  and 
i n c l u s i o n  va r iab le .  
p a r t i c u l a r l y  i f  the re  i s  any weapons hazard o r  ex tens ive  r a d i o  t ransmiss ion.  
t h e  o t h e r  hand, some m i l i t a r y  rese rva t i ons  a re  so l a r g e  and so remote t h a t  a 
d i s t a n t  co rne r  o f  one migh t  be an a lmost  i d e a l  rectenna s i t e .  Land and a i r  
access i s  probably a l ready  r e s t r i c t e d ,  as i t  would have t o  be f o r  a rectenna 
s i t e .  
p rob l  ems. 
M i l i t a r y  rese rva t i ons  may be " o f f  1 i m i t s "  f o r  rectennas, 
On 
The land  i s  f e d e r a l l y  owned, thereby m in im iz ing  zoning and a c q u i s i t i o n  
The c r i t e r i o n  "Topography Unacceptable-south f a c i n g  Slopes'' i s  a l s o  c l a s s i f i e d  
as bo th  a p o t e n t i a l  i n c l u s i o n  and p o t e n t i a l  exc lus ion  va r iab le .  T h e o r e t i c a l l y ,  
rectennas b u i l t  on south f a c i n g  slopes would be p r o p e r l y  o r i e n t e d  t o  rece ive  a 
beam o r i g i n a t i n g  a t  t he  equator and t h e  l a n d  would, t he re fo re ,  n o t  have t o  be 
l eve led .  P r a c t i c a l l y  speaking, however, i t  may be t h a t  l e v e l  s i t e s  a re  p r e f e r -  
ab le  i n  a l l  cond i t i ons  t o  topograph ica l l y  d i f f i c u l t  ones. For t h i s  reason, the  
more general c r i t e r i o n  "Topography Unacceptable" i s  de f i ned  i n i t i a l l y  as 
exc lud ing  south f a c i n g  slopes. I n  subsequent a n a l y s i s  i n  t h e  Rice studv, t h e  
south f a c i n g  slope v a r i a b l e  i s  added back i n  as another  exc lus ion  va r iab le .  
There a re  a t o t a l  o f  42 c r i t e r i a  l i s t e d  i n  E x h i b i t  111-3. O f  these e x a c t l y  ha l f ,  
o r  21 , are  c l a s s i f i e d  under the  general heading "Land C h a r a c t e r i s t i c s . "  Two 
subsets of these c r i t e r i a  a re  o f  p a r t i c u l a r  i n t e r e s t :  
exc lus ion  c r i t e r i a ;  and ( 2 )  p o t e n t i a l  exc lus ion  c r i t e r i a  app l i ed  as "des ign 
cons idera t ions .  'I 
( 1 )  t h e  u n i v e r s a l  
Un i versa1 Exc 1 us i on C r i  t e r i  a 
O f  t he  42 t o t a l  c r i t e r i a ,  12 have been t e n t a t i v e l y  c l a s s i f i e d  as un ive rsa l  
exc lus ion  c r i t e r i a .  Due p r i m a r i l y  t o  da ta  l i m i t a t i o n s ,  o n l y  7 o f  these 12 a r e  
mapped and encoded i n  t h e  Rice s tudy as u n i v e r s a l  exc lus ion  v a r i a b l e s  (see 
summary map 1 i n  Reference 11) .  These 7 are: 
1. Nat iona l  r e c r e a t i o n  areas. 
2. 
3. 
Topography unacceptable (exc lud ing  south- fac ing s lopes ) .  
Wetlands (as def ined by marsh v e g e t a t i o n ) ,  
4. Urbanized me t ropo l i t an  areas. 
5. Urbanized non-metropol i tan areas (popu la t i on  d e n s i t y  over  50 persons per 
square m i  1 e ) .  
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6. Adjusted populati'on d e n s i t y  (areas w i t h  popu la t ion  d e n s i t y  over  50 
persons per  square m i l e  as i n f e r r e d  from a popu la t ion  d e n s i t y  map). 
7. Navigable waterways. 
The f i v e  "un iversa l  exc lus ion"  v a r i a b l e s  which were n o t  mapped o r  encoded due t o  
data l i m i t a t i o n s  inc lude:  
1. S t a t e  r e c r e a t i o n  f a c i l i t i e s .  
2. Local  government land. 
3. Nearby a i r p o r t s .  
4. A i r  approach c o r r i d o r s .  
5. Winds over  90 m.p.h. 
I n  t h e  case o f  t h e  two a i r p o r t  r e l a t e d  exc lus ion c r i t e r i a ,  a p a r t i a l  proxy i s  
prov'cled by u r b a n i z a t i o n  s ince  most l a r g e  a i r p o r t s  e x i s t  near urbanized areas. 
S i m i l a r l y ,  a p a r t i a l  proxy f o r  "winds over 90 m.p.h." i s  prov ided by t h e  v a r i a b l e  
"winds over  50 knots."  The l i m i t a t i o n  o f  90 m.p.h. was s e t  f o r t h  i n  t h e  Johnson 
b r i e f i n g  (Reference S15) based on a p r e l i m i n a r y  engineer ing study. Data on winds 
of  t h a t  speed a r e  n o t  r e a d i l y  a v a i l a b l e  so the  lower  wind speed data was used 
as a proxy. 
o r  l o c a l  government land.  
t i o n  w i l l  have t o  a w a i t  a l a r g e r  s c d ~ o  study p e r i i i i t t i x g  add;t!5na! primary 
research. 
No n a t i o n a l l y  publ ished data i s  a v a i l a b l e  on s t a t e  r e c r e a t i o n  areas 
Consequently, p l o t t i n g  and encoding of  t h i s  informa- 
Var iab les  Treated as "Design Considerat ions" 
Many o f  t h e  v a r i a b l e s  r e l a t i n g  t o  c l imate  were t r e a t e d  n o t  as exc lus ion  v a r i a b l e s  
i n  t h e  Rice ana lys is  b u t  r a t h e r  as "design cons idera t ions . "  
t h i s  i s  t h a t  when o t h e r  exc lus ion  var iab les  a r e  appl ied,  t h e  remaining e l i g i b l e  
area i s  f u r t h e r  c l a s s i f i e d  as t o  whether o r  n o t  i t  i s  charac ter ized  by t h e  
var ious  c l i m a t e  cond i t ions .  
l a n d  o t h e r  than n a t i o n a l  r e c r e a t i o n  areas, n a t i o n a l  f o r e s t s  and I n d i a n  reserva- 
t i o n s .  The remaining f e d e r a l  land, e.g. m i l i t a r y  r e s e r v a t i o n s  and " o t h e r  f e d e r a l  
lands" ,  may be a p o t e n t i a l  i n c l u s i o n  v a r i a b l e  s i n c e  i t  may be d e s i r a b l e  t o  s i t e  
rectennas on f e d e r a l  land. 
The s i g n i f i c a n c e  of 
A s i m i l a r  t reatment  i s  prov ided f o r  f e d e r a l l y  owned 
I n  summary, t h e r e  are  a t o t a l  of e i g h t  v a r i a b l e s  t r e a t e d  as "design considera- 
t i on s I' : 
1. Federal 1 ands - m i  1 i t a r y .  
2. Federal lands - o t h e r .  
3. Over 40 degree l a t i t u d e .  
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4. 
5. H a i l .  
6. Thunderstorms. 
7. Sheet r a i n f a l l .  
8. Ac id r a i n f a l l .  
Wind storms ( p r o b a b i l i t y  o f  winds over  50 knots ) .  
Gradier l t  Treatment o f  Selected C r i t e r i a  
Host o f  t h e  c r i t e r i a  l i s t e d  a r e  t rea ted ,  f o r  purposes o f  mapp,,ig, as e i t h e r  
present  o r  n o t  present.  
a t  d i f f e r e n t  l e v e l s ,  thereby p r o v i d i n g  a g r a d i e n t  o f  u n a c c e p t a b i l i t y .  The 
c r i t e r i a  f o r  which some g r a d i e n t  was es tab l i shed a r e  l i s t e d  below: 
There are, however, severa l  v a r i a b l e s  which are  encoded 
1. 
2. Land i n  c u l t i v a t i o n  ( 2  l e v e l s ) .  
Topography unacceptabl e ( 3  1 eve1 s )  . 
3 .  Land s u i t a b l e  f o r  c u l t i v a t i o n  ( 2  l e v e l s ) .  
4. Seismic hazards ( 2  l e v e l s ) .  
5. Windstorms ( 2  l e v e l s ) .  
6. Ac id r a i n f a l l  ( 2  l e v e l s ) .  
For t h e  most par t ,  these grad ien ts  a re  n o t  r e f l e c t e d  i n  the  summary of t h e  Rice 
study presented i n  t h i s  r e p o r t .  The i n f o r m a t i o n  i s  t h e r e  f o r  those readers who 
wish t o  explore i t  i n  t h e  maps and t a b l e s  w i t h i n  t h e  Rice s tudy i t s e l f  (Reference 
11).  
C r i t e r i a  Not Treated i n  Rice " E l i g i b i l i t y "  Study 
Almost 40 percent o f  t h e  v a r i a b l e s  l i s t e d  a r e  designated as " n o t  t r e a t e d "  under 
t h e  column "Rice Study, Current  Status."  I n  a few cases, t h i s  i s  a temporary 
c o n d i t i o n  t o  be reso lved w i t h i n  t h e  t ime frame o f  the  c u r r e n t  Rice e f f o r t .  I n  
most cases, however, formal mapping and encoding o f  these c r i t e r i a  w i l l  have t o  
be d e f e r r e d  t o  a l a t e r  task  due t o  data l i m i t a t i o n s .  
two problems. E i t h e r  n a t i o n a l  data i s  n o t  a v a i l a b l e  and s t a t e  o r  r e g i o n a l  
sources must be assembled; o r  n a t i o n a l  data i s  a v a i l a b l e  b u t  n o t  i n  a mapped 
form s u i t a b l e  t o  p l o t t i n g  and encoding w i t h o u t  very  ex tens ive  preprocessing. 
T y p i c a l l y ,  t h e r e  i s  one o f  
R F I  ( r a d i o  frequency i n t e r f e r e n c e )  e f f e c t s  may be one v a r i a b l e  f o r  which t h e  
r e l e v a n t  data s e t  has t o  be de f ined.  
communications Sciences ( ITS)  suggests t h a t  RFI e f fec ts  may be f e l t  over  a very  
wide area, such as the  area covered by 1.5 degrees l a t i t u d e  and 1.0 degree 
l o n g i t u d e  (Reference 7 ) .  
The r e c e n t  work by t h e  I n s t i t u t e  f o r  Tele- 
Furthermore, the  p o t e n t i a l l y  adverse impacts of micro-  
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wave t ransmiss ion  a r e  a j o i n t  f u n c t i o n  o f  t h e  number and s e n s i t i v i t y  o f  r a d i o  
t ransmiss ion sources i n  the  area. 
o f  s e n s i t i v e  users together  w i t h  some method f o r  a s c e r t a i n i n g  t h e i r  geographical  
d i s t r i b u t i o n .  
What i s  needed here i s  a l i s t  o f  ca tegor ies  
111-5. PRELIMINARY FINDINGS OF R I C E  "ELIGIBILITY" STUDY 
Ana lys is  o f  I n d i v i d u a l  Var iab les 
The Rice " E l i g i b i l i t y "  Study conta ins 19 maps d e s c r i b i n g  t h e  d i s t r i b u t i o n  o f  
approx imate ly  25 var iab les .  I n  t h a t  study, t h e  t o t a l  area excluded w i t h i n  the  
cont iguous 48 s t a t e s  i s  presented. 
v a r i a b l e s  i s  shown i n  E x h i b i t  111-4. I n  t h i s  e x h i b i t ,  the  manner i n  which the  
v a r i a b l e  was t r e a t e d  i s  noted under the  column " v a r i a b l e  t reatment."  The t o t a l  
amount o f  area excluded by t h e  a p p l i c a t i o n  o f  each o f  these v a r i a b l e s  i n d i v i -  
d u a l l y  i s  shown i n  t h r e e  d i f f e r e n t  ways: (1) number of g r i d  c e l l s  o f  approx i -  
mate ly  26 k i lometers  squared; ( 2 )  approximate s i z e  i n  bo th  square k i lometers  and 
square mi les ;  ( 3 )  and as a percentage o f  t h e  t o t a l  gr idded area which corresponds 
c l o s e l y  t o  t h e  t o t a l  area of t h e  48 contiguous s ta tes .  
A summary of these f ind ings  f o r  a l l  t h e  
Reviewing t h i s  map i n d i c a t e s  t h a t  o f  the e x p l i c i t  exc lus ion  var iab les ,  t h e  most 
s i g n i f i c a n t  i s  probably  topography unacceptable which excludes 3.8 percent  o f  
t h e  t o t a l  area. 
Popu la t ion  v a r i a b l e s  a r e  a l s o  s i g n i f i c a n t  sources o f  exc lus ion  a l though i n  t h i s  
r ~ w ,  the numbers a lone are  n o t  p a r t i c u l a r l y  meaningful s ince  t h e r e  i s  a h igh  
degree o f  over lap  among t h e  t h r e e  popu la t ion  Var iables.  
The o t h e r  u n i v e r s a l  exc lus ion  var iab les  have g e n e r a l l y  minor e f fec t  i n  cerms o f  
t o t a l  l a n d  area. 
Several o f  t h e  p o t e n t i a l  exc lus ion  var iab les  a r e  q u i t e  s i g n i f i c a n t ,  however. 
Perhaps t h e  most s i g n i f i c a n t  o f  these i s  " f lyways o f  m i g r a t o r y  water fowl"  which 
accounts f o r  46.5 percent  o f  the  t o t a l  l a n d  area. 
Land s u i t a b l e  f o r  c u l t i v a t i o n  represents another powerful  p o t e n t i a l  exc lus ion  
v a r i a b l e  which accounts f o r  almost 45 percent  o f  t h e  l a n d  area i n  t h e  48 s ta tes .  
The o n l y  o t h e r  p o t e n t i a l  exc lus ion  v a r i a b l e s  t h a t  s i g n i f i c a n t l y  c o n s t r a i n  the  
t o t a l  area are:  
(20.2 percent  excluded); and seismic hazards, i n c l u d i n g  bo th  major and moderate 
damage p o t e n t i a l  (88.8 percent  excluded). 
i n t e r s t a t e  highways (18.5 percent  excluded); l a n d  i n  c u l t i v a t i o n  
Several of  t h e  "des ign cons idera t ion"  v a r i a b l e s  a1 so c o n t r i b u t e  s u b s t a n t i a l l y  t o  
r e s t r i c t i n g  t h e  e l i g i b l e  area. 
t h i s  regard  a r e  windstorms, which e l i m i n a t e  approx imate ly  55.4 percent  o f  t h e  
area and thunderstorms, which e l i m i n a t e  approx imate ly  52.3 percent.  
these two, i s  t h e  c o n s t r a i n t  o f  b u i l d i n g  rectennas o n l y  below t h e  40 degree 
l a t i t u d e .  Th is  v a r i a b l e  e l i m i n a t e s  45.6 percent  o f  t h e  sur face  area considered 
i n  t h e  s tudy.  
The two most impor tant  sources of c o n s t r a i n t  i n  
Close behind 
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E X H I B I T  I i I - 4  - AREA (AND PERCENT OF U.S.) EXCLUDED BY t A C H  
MAPPED VARIABLE 
Var iab le  N T . 7  
Va r iab le ’  Treatment2 C e l l s 3  
Federal Lands 
Nat iona l  Recreat ion Areas 
Ind ian  Reservations 
M i l i t a r y  Reservat ions 
Other Federal Lands 
Nat iona l  Forests 
Popu la t ion  
Standard Metropol  i tan 
S t a t i s t i c a l  Areas 
Populat ion (Dens i ty  50 
persons/sq. m i l e  
Adjusted Popu la t ion  Dens i ty  
Marsh Vegetat ion 
Wetlands 
Topography Unacceptable 
Open Mounta i ns 
H i l l s  
Moun t a  i ns 
Topography Unacceptable, South 
S1 opes 
Open Mountains 
H i l l s  
Moun t a  i ns 
Navigable Waterways 
I n t e r s t a t e  Highways 
Endangered Species’ Hab i ta t s  
Land In C u l t i v a t i o n  
I r r i g a t e d  Land 
Crop1 and 
Land Su i tab le  f o r  C u l t i v a t i o n  
Greater  Than 67% s u i t a b l e  
50% t o  67% s u i t a b l e  
Flyways o f  M ig ra to ry  Waterfowl 
Seismic Hazards 
Major Damage Po ten t ia l  
Moderate Damage P o t e n t i a l  
40 Degree La t i t ude  
E 
PE 
D 
D 
PE 
E 
E 
E 
E 
PE 
E 
PE 
E 
PE 
PE 
PE 
PE 
PE 
PE 
D 
Winds t o m s  D 
2% P r o b a b i l i t y  o f  Winds>SO knots 
1% P r o b a b i l i t y o f  Winds>50 knots 
H a i l  - Figure 21 D 
Thunderstorms D 
Sheet Rai n fa l  1 D 
Ac id  R a i n f a l l  D 
PH Between 4.0 and 5.0 
PH Less than 4.0 
424 
558 
175 
3606 
1323 
1871 
1276 
41 9 
21 9 
487 
2436 
142 
n.a. 
21 63 
89 
2366 
(341 1 
(2025) 
5248 
(4741 ) 
(507) 
5441 
4542 
( 1  295) 
(3247) 
5332 
6477 
( 1  667) 
(481 0)  
1469 
6118 
3472 
1661 
(1493) 
(168) 
Excluded Area 
Approximate Area Pc t .  of  u .s .4  
___- (000) km2 (000) sq. mi, 
287 
377 
118 
2438 
894 
1265 
863 
283 
148 
329 
1647 
96 
n.a. 
1462 
60 
1599 
(230) 
( 1  369) 
3548 
(3205) 
(343) 
3678 
3070 
(875) 
(21 95) 
3604 
4378 
(1127) 
(3251 ) 
993 
41 36 
2347 
1123 
( 1009) 
(114) 
111 
146 
46 
941 
34 5 
488 
333 
109 
57 
127 
636 
37 
n.a. 
565 
23 
61 8 
(89)  
(529) 
1370 
(1  238) 
(132) 
1420 
1186 
(338) 
(848) 
1392 
1691 
( 1  256) 
383 
1597 
906 
434 
(390) 
(44)  
(435) 
3.6 
4.8 
1.5 
30.8 
11.3 
16.0 
10.9 
3.6 
1 .9  
4.2 
20.8 
1.2 
18.5 
0.8 
20.2 
(17.3) 
44.8 
(40.5) 
46.5 
38.8 
(2.9) 
(4.3) 
(11.1) 
(27.7’) 
45.6 
55.4 
(14.3) 
(41 .l) 
12.6 
52.3 
29.7 
14.2 
(12.8) 
(1.4) 
‘Per Reference 11 
’E = Exclusion ( i n  f i r s t  sumnary map); PE = P o t e n t i a l  Exc lus ion  (subsequent maps); 
D = “Design Cons idera t ion”  tabu la ted  b u t  n o t  p l o t t e d  on a l l  summary maps 
3Rice Study g r i d  c e l l s  approximately 26 km square 
“Based on t o t a l  g r i d  area ( f o r  48 U.S. S ta tes  o n l y )  o f  11,699 c e l l s  (approx. 3,054,000 sq. mi . )  
- ~- 
Source: A l l an  D. Kot in.  Economic Consu l tan ts  and Space So la r  Power Research Program, 
Rice U n i v e r s i t y  
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Other "design cons idera t ion"  v a r i a b l e s  w i t h  some s i g n i f i c a n t  e f f e c t  a re :  
sheet r a i n f a l l  (29.7 percent)  and h a i l  (12.6 percent ) .  
Combined E f f e c t s  o f  Exc lus ion C r i t e r i a  
The p o t e n t i a l  combinations o f  t h e  var ious exc lus ion c r i t e r i a  represent  a very  
l a r g e  number. I n  the Rice study, eleven combinations o f  exc lus ion  c r i t e r i a  were 
mapped (summary maps 1 through 11 i n  Reference 11) .  
o f  t h e  type o f  " i n t e r s e c t i o n "  a n a l y s i s  t h a t  can reveal  t h e  incremental  e f f e c t  o f  
adding a d d i t i o n a l  exc lus ion  var iab les .  
These represented examples 
The i n i t i a l  combined mapping exerc ise  was r e s t r i c t e d  t o  t h e  f i v e  "un iversa l  
exc lus ion"  c r i t e r i a  f o r  which t h e  Rice study was a b l e  t o  encode data:  ( 1 )  h t i o n -  
a1 r e c r e a t i o n a l  areas; ( 2 )  popu la t ion  densi ty ;  ( 3 )  topography unacceptable; 
( 4 )  nav igab le  waterways; and ( 5 )  marsh vegetat ion.  
t h e  a p p l i c a t i o n  o f  successive a d d i t i o n a l  exc lus ion  c r i t e r i a  t o  t h e  e l i g i b l e  
area remain ing i n  summary map 1 w i t h  the i n i t i a l  f i v e  exc lus ion  c r i t e r i a .  
Subsequent maps represent  
The r e s u l t s  o f  these eleven analyses are summarized i n  E x h i b i t  111-5. 
p a r t  o f  t h i s  e x h i b i t  shows t h e  v a r i a b l e  values excluded i n  each of t h e  eleven 
maps (as X X X  i n  t h e  appropr ia te  columns). 
an i n i t i a l  percentage i s  g iven  which i n d i c a t e s  t h e  amount of area w i t h i n  t h e  48 
Un i ted  States t h a t  would be excluded j u s t  by t h e  a p p l i c a t i o n  of t h i s  v a r i a b l e  
alone. 
column i n d i c a t i n g  t h e  incremental  e f f e c t  o f  adding t h a t  exc lus ion  v a r i a b l e  t o  t h e  
;=rgr_ed?'n= vsrishles i n  l i m i t i n g  t h e  e l i g i b l e  area. 
number of g r i d  squares and t h e  second number i s  the  percenidys c j f  t a t a :  2 x 2  
represented by those g r i d  squares. For example, wetlands, as d i s t i n g u i s h e d  from 
marsh vegetat ion,  i n  t o t a l  exclude 4.2 percent o f  t h e  t o t a l  area. Considered as 
an incrementa l  e f f e c t ,  they exclude o n l y  1.6 percent  more than would be excluded 
by t h e  f i r s t  f i v e  var iab les .  
The upper 
For each of t h e  excluded var iab les ,  
For sumnary maps 2 through 11, two numbers a r e  g iven a t  t h e  f o o t  o f  each 
The f i r s t  number i s  t h e  
An examinat ion o f  t h i s  p o r t i o n  of t h e  t a b l e  i n d i c a t e s  t h a t  the  v a r i a b l e s  added 
i n  maps 2 through 6 have r e l a t i v e l y  minor impact on t h e  t o t a l  amount o f  e x c l u s i o n  
N e i t h e r  wetlands, south s lopes - unacceptable, n a t i o n a l  forests ,  I n d i a n  reserva- 
t i o n s ,  n o r  endangered species s i g n i f i c a n t l y  reduce the  e l i g i b l e  area o r  increase 
t h e  excluded area. I n  the  case o f  i n t e r s t a t e  highways ( s u m a r y - n a p  7 )  , t h e  
r e d u c t i o n  i s  p o t e n t i a l l y  s i g n i f i c a n t .  The a d d i t i o n  of t h i s  v a r i a b l e  t o  t h e  
preceding v a r i a b l e  increases t h e  excluded area by 5.8 percent  of  t h e  t o t a l .  
some e x t e n t  t h i s  i s  misleading, as noted i n  t h e  Rice study, s ince  t h e  presence 
of an i n t e r s t a t e  highway i n  a g r i d  c e l l  does n o t  n e c e s s a r i l y  d i s q u a l i f y  t h e  g r i d  
c e l l .  
judgment than s imply  "preset"  o r  "not present" .  
One i n t e r e s t i n g  aspect of  t h i s  ana lys is  i s  t o  show t h a t  t h e  incremental  impacts 
can be much smal le r  than t h e  t o t a l  impacts. For example, n a t i o n a l  f o r e s t s  accoun 
f o r  11.3 percent  o f  t h e  t o t a l  l a n d  area. Yet, when n a t i o n a l  f o r e s t s  a r e  added t o  
t h e  map w i t h  7 preceding exc lus ion  var iab les ,  t h e  incremental  e f f e c t  i s  o n l y  2.2 
percent.  
To 
A t  t h i s  p o i n t ,  t h e  a n a l y s i s  has no t  been r e f i n e d  t o  p e r m i t  any b e t t e r  
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The treatment of land i n  cult ivation o r  suitable fo r  cult ivation as a potential 
exclusion variable does appear t o  have a very s ignif icant  e f fec t  on the amount 
of area excluded. 
20.2 percent of the land  area, represents an incremental effect  of 9.9 percent. 
Land suitable for  cult ivation (44.8 percent of the total  land area) has an 
incremental e f fec t  of 10.1 percent. 
Seismic hazards represent a similar incremental e f fec t  (10.2 percent). Obviously 
most of the seismic area has already been excluded by the variables used i n  map 7, 
since seismic hazards, i n  t o t a l ,  represent 38.8 percent of the total  land area. 
The exclusion variable with the largest  incremental effect  i s  "flyways o f  
migratory fcwl." As indicated by the l e f t  hand column, this c r i t e r i a  i s  the 
most significant of a l l  the exclusion variables considered on both a total  and 
incremental basis. The total  land area excluded under this variable is 46.5 per- 
cent. The incremental e f fec t  i s  18.1 percent. What this suggests i s  tha t ,  u n l i k c  
some of  the other variables, i n  this case the addition of this variable excludes 
substantial portions of the United States that  are not excluded by combinations 
of other exclusion variables. 
rectenna s i t ings  will have a particularly bad e f f ec t  on the amount of remaining 
e l ig ib le  area for sites. 
microwave transmission on migratory wildfowl has not been established. 
Land i n  cult ivation which accounts i n  to ta l  for  approximately 
Clearly, the imposi t ion of t h i s  constraint  on 
This is of particular significance since the impact of 
The lower part  of E x h i b i t  111-5 essentially presents the converse of the excluded 
areas shown i n  the upper part. 
t abu ia i ed  7Ui- izich s i i ~ z y  ma;. 
area, and for the imposition of four  of the so-called "design consideration:: 
variables. 
area of 50.5 percent of the t o t a l  land area. I f ,  i n  addition, areas north of 
40 degree la t i tude  are also excluded, the remaining area i t s e l f  of 40 degrees i s  
only 26.9 percent of the total  land area. 
areas w i t h  50-knot winds reduces the total to  24.2 percent. Hail seems t o  have 
re la t ive ly  l i t t l e  e f fec t  reducing the remaining e l ig ib le  area only from 50.5 per- 
cent t o  41.8 percent. 
same as the e f fec t  of 50-knot winds, leaving 24.5 percent remaining e l ig ib le  area 
The smallest remaining e l ig ib le  area of a l l  the summary maps is the one 
associated w i t h  map 9 i n  which both land i n  cult ivation and land suitable for  
cult ivation are excluded. Under these stringent conditions, only 17.3 percent of 
the total  land area i s  i n  the remaining e l ig ib le  category. 
reduced t o  only that  land south of  40 degree la t i tude ,  the total  i s  actually 
under 10 percent (9.3 percent). Almost equally dramatic is  the independent a d d i -  
t ion migratory wildfowl flyways i n  summary map 10. In th i s  case the total  i s  
reduced t o  19.2 percent remaining el igible  area. The imposition of further con- 
s t r a i n t s  for e i ther  50-knot winds or thunderstorms reduces the remaining area t o  
under 9 percent of the to t a l .  
In this case the remaining e l ig ib le  area i s  
The i n i t i a l  f ive exclusion variables (sumnary map 1 )  leave a remainin! 
T h i s  tabulation is presented both for the total  
Alternatively, the removal of a l l  
The e f fec t  of thunderstorms i n  this instance i s  about the 
I f  this is further 
One interesting character is t ic  of the lower part  of E x h i b i t  111-5 i s  tha t  i t  show! 
the different ia l  e f fec ts  of the design considerations, e.g. south of 40 degrees, 
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winds, h a i l  and thunderstorms, on t h e  remaining area under d i f f e r e n t  summary map 
assumptions. For example, i n  summary map 11 the  t o t a l  remaining e l i g i b l e  area i s  
27.1 percent.  
v a r i a b l e  "w i thout  thunderstorms" i s  a l s o  considered. 
i m p o s i t i o n  o f  the  thunderstorms c r i t e r i a  t o  summary map 1 o r  2 reduces the  a v a i l -  
a b l e  area only  by approx imate ly  h a l f  ( f r o m  48.9-50.5 t o  24.1-24.5 percent ) .  
Th is  i s  c u t  by almost two- th i rds  t o  10.8 percent  i f  the design 
By way o f  c o n t r a s t ,  t h e  
No f i n a l  conclusions can be drawn from t h i s  a d m i t t e d l y  l i m i t e d  sampling o f  t h e  
p o s s i b l e  combinations. 
which a r e  p o t e n t i a l  c o n s t r a i n t s ,  do n o t  have a s u b s t a n t i a l  incremental  e f f e c t .  
On the  o t h e r  hand, a few, n o t a b l y  l a n d  i n  c u l t i v a t i o n ,  w i l d f o w l  f lyways, and 
seismic hazards do have an impor tant  e f f e c t .  
Nevertheless, i t  does appear t h a t  many o f  t h e  v a r i a b l e s  
The D i s t r i b u t i o n  of E l i g i b l e  Areas - An Example I l l u s t r a t i o n  
The t o t a l  amount of  e l i g i b l e  area remaining a f t e r  the  a p p l i c a t i o n  o f  any combina- 
t i o n  o f  exc lus ion v a r i a b l e s  i s  perhaps l e s s  s i g n i f i c a n t  than t h e  geographical  
d i s t r i b u t i o n  o f  t h a t  area. Subs tan t ia l  p o r t i o n s  o f  t h e  energy consumption o f  the  
Un i ted  States seem t o  be concentrated i n  areas which appear t o  have l i t t l e  
p o t e n t i a l  f o r  p r o v i d i n g  rectenna s i t e s .  I n  o r d e r  t o  measure t h i s  e f f e c t ,  i t  i s  
necessary f i r s t  t o  e s t a b l i s h  the  d i s t r i b u t i o n  o f  "need" f o r  a d d i t i o n a l  e l e c t r i -  
c i t y  i n  the  Uni ted States.  
a t  Oak Ridge Nat ional  Labora tor ies  (Reference 8 )  prov ides a u s e f u l  s t a r t i n g  
p o i n t  f o r  t h i s  ana lys is .  I n  t h a t  study, e l e c t r i c a l  consumption i n  t h e  year  1985 
was pro jec ted  on a s t a t e - b y - s t a t e  bas is  f o r  t h e  e n t i r e  Un i ted  States.  The same 
a n a l y s i s  contains a t reatment  of t o t a l  energy imports.  E l e c t r i c i t y  i t s e l f  tends 
t o  be i n  balance w i t h i n  any region, though n o t  always w i t h i n  i n d i v i d u a l  s t a t e s .  
The reason f o r  t h i s  i s  t h a t  i t  i s  a r e l a t i v e l y  l e s s  t r a n s p o r t a b l e  form o f  energy 
than e i t h e r  o i l ,  n a t u r a l  gas, o r  coal .  Hence, reg ions w i l l  impor t  s u f f i c i e n t  
energy i n  o ther  f u e l  forms t o  p rov ide  t h e  necessary e l e c t r i c i t y  t o  keep them i n  
balance. Consequently, t h e  Oak Ridge r e p o r t  showed o n l y  t r i v i a l  impor t -expor t  
balances f o r  e l e c t r i c i t y  i n  any reg ion.  
energy imports was q u i t e  d i f f e r e n t .  I n  t h e  Un i ted  States as a whole (48 s t a t e s  
o n l y )  i s  a subs tan t ia l  n e t  impor te r  of  energy and i s  p r o j e c t e d  t o  impor t  16,404 
quads ( B t u ' s  x 1 0 l 2 )  i n  1985. 
A r e c e n t  study performed f o r  t h e  Department o f  Energy 
The s i t u a t i o n  w i t h  respec t  t o  t o t a l  
E x h i b i t  111-6 prov ides a map showing the  census reg ions  and geographic d i v i s i o n s  
i n  t h e  Uni ted States.  This  reg iona l  c l a s s i f i c a t i o n  was se lec ted  p r i m a r i l y  
because of the f a c t  t h a t  t h e  energy consumption da ta  base was developed based i n  
p a r t  on census m a t e r i a l .  A second reason i s  t h a t  t h e  most obvious a l t e r n a t i v e  
r e g i o n a l  conf igurat i .on f o r  a n a l y s i s  would be t h e  r e g i o n a l  e l e c t r i c  re1  i a b i l  i t y  
c o u n c i l s  (ERC's). Unfor tunate ly ,  energy data i s  o n l y  a v a i l a b l e  on a s tate-by-  
s t a t e  bas is  and ERC boundaries do n o t  always correspond t o  s t a t e  boundaries. 
d i s t r i b u t i o n  of e l e c t r i c a l  consumption and t o t a l  energy i m p o r t  by r e g i o n  and 
d i v i s i o n  i s  shown i n  E x h i b i t  111-7. O f  t h e  f o u r  major  reg ions  o f  t h e  Un i ted  
States,  e l e c t r i c i t y  consumption i s  most h e a v i l y  concentrated i n  t h e  South (38.5 
percent)  and l e a s t  concentrated i n  t h e  West (16.2 percent ) .  
The 
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EXHIBIT I 11-7 - PROJECTED REGIONAL ELECTRICITY CONSUMPTION 
AND TOTAL ENERGY IMPORTS, 1985 
Geographic D i v i s i o n  E l e c t r i c a l  Consumption1 
Region kwhx 10 Pct. o f  U.S.2 
East - 626 19.6 
New England 129 4.1 
Middle A t l a n t i c  497 15.5 
North Central  824 25.7 
East North Central 589 18.4 
West North Central  235 7.3 
South 1,231 38.5 
South A t l a n t i c  585 18.3 
East South Central 306 9.6 
West South Central 340 10.6 
West 520 16.2 
Moun t a  i n 162 5.0 
Alaska and Hawaii) 
P a c i f i c  (exc lud ing  358 11.2 
TOTAL 48 STATES 3,201 100.0 
Tota l  Energy Imports 
b t u ' s  x 1012 Pct. o f  U . S . 3  Pct. o f  Gross4 
14,713 89.7 
3,742 22.8 
10,971 66.9 
16,240 99.0 
13,012 79.3 
3,228 19.7 
-1 2,026 -73.3 
7,475 45.6 
928 5.6 
-20,429 -124.5 
-2,523 -15.4 
-7,001 -42.7 
4,478 27.3 
33.6 
8.6 
25.1 
37.0 
29.7 
7.3 
-- 
17.1 
2.1 -- 
16,404 100.0 100.04 
IConverted, i n  accordance w i t h  source, a t  3213 btu/kwh 
2Excl ud ing  A1 as ka and Hawaii 
3Percentage of n e t  t o t a l  imports; minus numbers i n d i c a t e  expor t i ng  regions 
4Percentage of gross reg iona l  imports o f  43,834 x 1012 b t u ' s  n o t  o f f s e t  by i n t e r r e g i o n a l  expor 
Source: Reference 8 and A l l a n  D. Kot in,  Economic Consul tants 
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The situation w i t h  respect to  total  energy imports i s ,  however, quite different .  
If the net energy imports of the United States are divided among the four regions< 
the Northeast New England-Mtddle Atlantic) accounts for  almost 90 percent and the 
North Central t Midwest) accounts for  99 percent. The reason fo r  th i s  i s  tha t  the 
other two major regions, the South and the West, are net exporters of energy. 
The West South Central region (Texas, Oklahoma, Louisiana and Arkansas) by i t s e l f  
accounts for  energy exports larger t h a n  the net energy imports of the en t i re  
country. In order t o  adjust  for  this, the l a s t  column on the exhibit expresses 
the regional share of the gross energy imports without offset t ing negatives. In 
this case, the Mountain and West South Central region are not included since they 
are  the net energy exporters. The percentages assigned t o  the remaining regions 
are  predicated on the i r  share of a revised "gross" total  energy import.  By this 
measure, the East accounts for 33.6 percent of imports, the North Central for 
37 percent, and the South Atlantic region for  an additional 17.1 percent. In 
the West, only the Pacific region (excluding Alaska and Hawaii) has net energy 
imports, accounting for 10.2 percent of the gross energy imported. 
The suggestion i s  often made tha t  rectenna s i t e s  should, i n  theory, be d i s t r i b u t e c  
i n  accordance w i t h  e l ec t r i c i ty  demand or some other index of energy need. 
percentages presented i n  E x h i b i t  111-7 can be used to  provide tentat ive example 
dis t r ibut ions of rectenna sites tha t  would meet these objectives. In E x h i b i t  
111-8, a hypothetical distribution of s i t e s  i s  presented based f i r s t  on e lec t r i -  
c i t y  consumption i n  1985 and then on total  energy de f i c i t  o r  imports i n  1985. As 
shown i n  the exhibit ,  the South would account for  the largest  number o f  s i t e s  
(23) i f  s i t e s  were to be theoretically distributed on the basis of e l e c t r i r i t y  
consumption. The Northeast and West would have the lowest number of s i t e s  (12 
and 10 respectively). 
The 
The s i tuat ion is  quite different  if the distribution of s i t e s  is  based on total  
energy de f i c i t .  
i n  the Northeast and North Central (20 and 22 s i t e s  respectively). 
Atlantic would account by i t s e l f  for one-quarter of the s i t e s  (15) .  
West and the South would have disproportionately small number of  rectenna s i t e s .  
In this case, over two-thirds of the s i t e s  would be concentrated 
The-Middle 
B o t h  the 
Using these h i g h l y  tentative bases for the distribution of s i t e s ,  i t  i s  possible 
to  re-examine the information on el igible  areas i n  terms of the su i t ab i l i t y  of 
dis t r ibut ion of the e l ig ib le  area. Based on summary map 1 ( the  f ive i n i t i a l  
exclusion variables),  an i l l u s t r a t ive  analysis of this type is summarized i n  
Exhi b i t  I 11-9. 
The upper por t ion  of this exhibit shows the regional distribution of e l ig ib le  
area,  f i r s t  for  the f ive basic exclusion c r i t e r i a ,  and then w i t h  various addi-  
tional exclusions for design considerations. 
Ignoring any design considerations, i t  would appear t h a t  the f ive basic exclusion 
c r i t e r i a  (summary map 1 )  leave a remaining e l ig ib le  area heavily concentrated i n  
the South and West. Forty percent of the e l ig ib le  area i s  i n  the West, w i t h  
most of t h a t  i n  the Mountain s ta tes .  Thirty-one percent i s  i n  the North Central, 
w i t h  most of t h a t  in the less  populated West North Central region. The Northeast 
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EXHIBIT 111-8 - HYPOTHETICAL DISTRIBUTION OF SITES 
Geographic D i v i s i o n  
Reg i on 
East 
New England 
Middle A t l a n t i c  
Nor th  Centra l  
East Nor th  Centra l  
West Nor th  Centra l  
South 
South A t l a n t i c  
East South Central 
West South Centra l  
West 
Mountain 
P a c i f i c  
TOTAL U.S. (48 STATES) 
Based on 1985 
E l e c t r i c i t y  Usage1 
12 
2 
10 
-
15 -
11 
4 
23 -
11 
6 
6 
10 
3 
7 
-
60 
Based on 1985 
To ta l  Energy De f i c i  t2 
20 -
5 
15 
22 
18 
4 
-
12 
11 
1 
-
-- 
60 
IBased on percentage d i s t r i b u t i o n  i n  E x h i b i t  111-7 
2Based on percentage d i s t r i b u t i o n  of Gross Impor ts  as shown i n  F i n a l  column of 
Exhi b i  t I 11-7 
Source: A l l a n  D. K o t i n  Economic Consul tants  
EXHIBIT 111-9: REGIONAL DISTRIBUTION AND AREA PER SITE FOR 
FIVE BASIC EXCLUSIONS WITH LATITUDE CLIMATE VARIATIONS 
Five Basic 
Exclusion 
Criteria '  
SEOGRAPHIC DIVISION 
Reg ion 
Addi t 
North 
of 400 over 50 knts 
No. % 
2829 100.0 
89 3.1 
853.0 
Hai 1 storms 
No. % No. % , 
4895 100.0 2857 100.0 
120 2.5 120 4.3 
921.9 923.3 
I East South Central I 243 4.1 I 243 7.7 
Total Number of Cells4 No. % % 
Total U . S . 3  5903 100.0 3148 100.0 
VORTHEAST 120 2.0 0 0  
Middle Atlantic 28 0.5 0 0  
1834 31.1 639 12.4 
East North Central 336 5.7 293 1.4 
New England 921.5 TO 
-~ --VORTH CENTRAL 
West South Central I1069 18.1 I 1069 33.9 
E ST I2377 40.3 I 1187 37.7 
4 0.1 
5 .3 
1:; 'E.4 
364 12.9 
166 5.9 
0 0  
--
--
28 0.6 28 1.0 
39 29.4 
'i36 6.9 ii: 'i:: 
1103 22.5 532 18.6 
994 25.6 359 12.9 
260 5.3 150.5 
-- -- 
--
West North Central 1498 25.4 346 11.0 
SOUTH 1572 26.6 1572 43.9 
South Atlantic m4.4 2608.3 
I East North Central (11,181 I 31 19 I 27 16 
0 0  
166 5.9 
2058 72.7 
1700 60.1 
358 12.6 
--
West North Central (4,4) . I 375 375 I 87 87 
OUTH (23,121 I 68 131 I 68 131 
243 5.0 0 0  
751 15.3 354 12.4 
2082 42 .5 1590 53.6 
1724 35.2 1232 41.1 
358 7.3 358 12.5 
-- --
I South Atlantic (11 .ill I 24 24 I 24 24 
-- --
Mo un t a  i n 2019 34.2 1079 34.3 
, Pacific 358 6.1 108 3.4 
Patio of Cells per Si teq E C 3  SOIb EC3 SOIb 
TOTAL U.S. (60)7 98 98 52 52 
VORTHEAST (1 2,20) 10 6 0 0  
New Enqland (2.51 46 18 0 0  
Middl e-At1 an t i c  (1 0,15) 3 2  0 0  
VORTH CENTRAL (1 5,22) 122 83 43 29 
Number o f  Map Grid Cells) 
onal Exclusions f o r  DesignL 
Windstorms I 1 Thunder- 
0 0  
0 0  
28 - 
206 343 
567 - 
51 60 
24 24 1 1  
41 243 0 0  
125 - 59 - 
208 347 159 265 
575 - 411 - 
51 60 51 60 
. - .  
East South Central (6 , l )  41 243 41 243 
JEST (10,6) 238 396 119 198 
West South Central (6,O) 178 - 178 - 
Mountain (3,O) 
I Pacific (7,6) 
37 25 I 96 65 
<1 <1 3 2  
673 - 360 - 
51 60 15 18 
17 10 I 31 19 I 22 14 I 
91 91 I 276 276 I 133 133 
7 14 I 43 83 I 16 30 
Unacceptable topography, population density, national recreation areas , and navigable 
See Exhibit 111-4 
48 contiguous s t a t e s  only 
26 km square map grid cel ls  
EC=sites d i s t r ib t ed  based on 1985 e l ec t r i c i ty  use 
SOI=sites distributed based on 1985 share of imports of to ta l  energy (See E x h i b i t  111-8) 
Number of sites each region "should" have (EC, SOI) 
waterways. 
Source: Reference 11 and Allan D. Kotin Economic Consultants 
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which accounts f o r  20 percent  of e l e c t r i c a l  consumption and almost 34 percent  o f  
gross energy imports,  has o n l y  2 percent  o f  t h e  e l i g i b l e  area. 
At1 a n t i c ,  which by i t s e l f  accounts f o r  15 percent  o f  e l e c t r i c i t y  consumption 
and 25 percent o f  p r o j e c t e d  t o t a l  energy imports,  has l e s s  than one-half o f  one 
percent  of the  area. 
The Middle 
The impos i t i on  o f  t h e  var ious c l i m a t o l o g i c a l  design exc lus ion  c r i t e r i a  does tend 
t o  change both t h e  d i s t r i b u t i o n  o f  t h e  area as w e l l  as t h e  amount o f  e l i g i b l e  
area remaining. For example, if a l l  areas w i t h  windstorms over  50 knots a r e  
excluded, the re  i s  v i r t u a l l y  no remaining area i n  any reg ion  except the  West 
which accounts f o r  almost 73 percent  of t h e  area. The Nor theast  and South have 
n e g l i g i b l e  remaining areas. 
Any at tempt  a t  e v a l u a t i n g  t h e  appropr iateness o f  t he  d i s t r i b u t i o n  o f  e l i g i b l e  
area must consider n o t  o n l y  the  percentage o f  area i n  var ious reg ions  b u t  t h e  
amount. 
of e l i g i b l e  area i s  t o  use a r a t i o  o f  t h e  number o f  g r i d  c e l l s  o f  e l i g i b l e  area 
per  t h e o r e t i c a l  s i t e .  Th is  c e l l / s i t e  r a t i o  g i ves  e f f e c t  t o  t h e  t o t a l  amount o f  
area and a l s o  shows on a comparative bas i s  t h e  m a l d i s t r i b u t i o n  associated w i t h  
d i f f e r e n t  exc lus ion va r iab les .  Such an a n a l y s i s  i s  i nc luded  a t  t h e  bottom o f  
E x h i b i t  111-9. 
c e l l s  under the f i v e  bas i c  exc lus ion  c r i t e r i a .  It a l s o  s h a l l  c o n t a i n  60 s i t e s .  
The c e l l / s i t e  r a t i o  i s ,  t he re fo re ,  98 c e l l s  pe r  s i t e .  By i t s e l f  t h i s  i s  a q u i t e  
comfor tab le r a t i o  s ince  each c e l l  cou ld  nomina l l y  accommodate more than t h r e e  
rectenna s i t e s  and t h e r e  would, t he re fo re ,  be a 300:l  r a t i o  o r  b e t t e r  f o r  t h e  
U.S. as a whole. Looking a t  t h e  c e l l / s i t e  r a t i o s  f o r  i n d i v i d u a l  reg ions shows 
wide v a r i a t i o n s .  
a r e  ext remely w e l l  endowed w i t h  e l i g i b l e  areas per  s i t e  requ i red .  I n  the  " E C "  
column which represents the  number o f  s i t e s  d i s t r i b u t e d  accord ing t o  e l e c t r i c a l  
consumption, the mountain s t a t e s  have t h e  h i g h e s t  r a t i o n  a t  673 c e l l s  per  r e q u i r e  
s i t e .  The Middle A t l a n t i c  has t h e  lowest  r a t i o  a t  3 c e l l s  per  r e q u i r e d  s i t e ,  a 
d i f f e r e n c e  by a f a c t o r  o f  over  200 between these two reg ions.  
One way t o  r e f l e c t  bo th  t h e  d i s t r i b u t i o n  o f  e l i g i b l e  area and t h e  amount 
The U.S. as a whole (48  s t a t e s )  con ta ins  5,903 e l i g i b l e  g r i d  
The Western Uni ted S ta tes  and s p e c i f i c a l l y  t h e  Mountain reg ion  
I f  rectenna s i t e s  a re  t o  be d i s t r i b u t e d  based on t h e  share o f  impor ts  (SOI), then 
t h e  second column i n  each p a i r  should be used. I n  t h i s  instance,  t h e  most 
generously endowed reg ion  i s  t h e  West Nor th Cen t ra l  which r e q u i r e s  f o u r  s i t e s  
and has a t o t a l  a v a i l a b l e  area o f  1,498 g r i d  squares f o r  a r a t i o  o f  375 g r i d  
squares pe r  s i t e .  Again, t h e  Middle A t l a n t i c  i s  t h e  wors t  reg ion  w i t h  a r a t i o  o f  
o n l y  2 c e l l s  per s i t e  (28  c e l l s  t o t a l  t o  accommodate 15 s i t e s ) .  
t h e  t a b l e  c l e a r l y  shows, under any assumption t h e  Nor theast  i s  c o n s i s t e n t l y  under 
endowed w i t h  e l i g i b l e  areas. 
l a r g e l y  undersuppl ied w i t h  e l i g i b l e  area as i t  i s  w i t h  thunderstorms. I n  most 
instances, there  i s  more than an adequate number o f  s i t e s  i n  the  West and a 
g e n e r a l l y  adequate number i n  the  Nor th  Centra l  area. The s t a t i s t i c s  on t h e  
Nor th Cent ra l  are somewhat mis leading s ince  most o f  t h e  e l i g i b l e  area i s  i n  t h e  
West Nor th Central  (Nor thern P l a i n s  s t a t e s )  r a t h e r  than the  East Nor th  Centra l  
( h i g h l y  urbanized i n d u s t r i a l  Midwestern s t a t e s ) .  
As t h i s  p a r t  of  
On the  assumption o f  windstorms, t h e  South i s  a l s o  
The foregoing ana lys i s  o f  d i s t r i b u t i o n  i s  in tended mere ly  t o  i l l u s t r a t e  one 
approach t o  examining the  d i s t r i b u t i o n  o f  e l i g i b l e  areas as w e l l  as t h e  t o t a l  
____ _ _  _ _ ~ _ _  
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magnitude. 
both the total  and the distribution not only for th i s  one example, b u t  for a l l  
the various combinations of exclusion c r i t e r i a  t h a t  appear t o  be meaningful. 
This i s  a key task  for subsequent analysis. 
Obviously, any consideration of l a n d  use requirements m u s t  consider 
I 11-6. CRITICAL UNRESOLVED ISSUES 
General Issues 
Several physical characterist ics of t h e  SPS rectenna would seem t o  impose import- 
res t r ic t ions  on the type of s i t e s  t h a t  may be selected. One example of t h i s  i s  
the requirement for generally level s i t e s  so as t o  minimize the problems in 
erecting a massive ser ies  of presumably level and parallel receiving panels 
(bil lboards).  Another example i s  wind resistance which a t  one point was nomi- 
nally s e t ,  i n  a highly preliminary analysis,at  90 miles per hour. In the course 
of trying t o  confirm these limitations on rectenna s i t e s ,  the following response 
was frequently encountered, "Well, i t ' s  just a matter of money. 
l i t t l e  more we can level a mountain. 
rectenna to  r e s i s t  150 miles per hour winds." This type of response i s  not 
necessarily specious. The dol lar  commitments involved i n  rectenna construction 
are huge ($2.5 bi l l ion each). 
can remove too many constraints and make the i n i t i a l  evaluation e f fo r t  an empty 
exercise. Some type of policy decision with respect to the frame of evaluation 
is needed. 
freeze the reference concept and n o t  t o  permit any variations as  a function of 
"spending a l i t t l e  more money." 
If we spend a 
If  we spend a l i t t l e  more we can b u i l d  a 
A t  the  same time, however, t h i s  type of reasoning 
One option would be, as mentioned i n  the energy analysis section, to 
An a l ternat ive would be t o  pursue further the analysis i n  the Rice study t o  
identify which parameters would have the greatest  impact on expanding tne e l i -  
gible area. Once ident i f ied,  estimates of revised costs could be requested 
from the design-cost team. These could be i n  the form of additional "options" 
ju s t  as the si1 icon and gal 1 ium arsenide photocel Is represent options. Nhatever 
approach i s  selected, ground rules or policies relating t o  t h i s  nominal cost 
f l e x i b i l i t y  should be se t  pr ior  t o  the next round of land use and s i t ing  study. 
The inclusion or exclusion o f  rectenna s i t e s  on the sea i s  another c r i t i ca l  
general issue requiring resolution. I t  re la tes  specifically t o  the increasing 
cost  issue discussed above. I t  i s  frequently stated tha t  there are no inherent 
technological problems i n  building a rectenna offshore and t h a t  i t  is "only a 
matter of money." Unfortunately, there exis ts  no reference concept or prel imi- 
nary design t o  confirm th i s  widely held bel ief .  Furthermore, i t  i s  not c lear  
"how much more money" an offshore s i t e  would cost .  I t  may be argued t h a t  the 
cost increment i s  not  c r i t i c a l .  The same does n o t  apply t o  the need for  some 
sor t  of design. 
parameters t o  be considered. 
c r i t e r i a ?  What about the relationship t o  shipping lanes and shipping communi- 
cations? Are there different kinds of problems associated with high voltage 
transmission over water than over land? How deep can the water be a t  a location 
where a rectenna s i t e  i s  to be erected? Is  there a problem of corrosion for 
both  the metallic and the electronic components i n  the rectenna? 
Constructing a rectenna offshore would create a variety of new 
For example, does wave action become a s i t ing  
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The b r i e f i n g  l i t e r a t u r e  on t h e  re fe rence concept does n o t  d iscuss sea s i t e s  
s p e c i f i c a l l y .  
any at tempt  t o  evaluate s i t e s  i n  t h e  nex t  round o f  s i t e  e v a l u a t i o n  w i l l  be a 
l a r g e l y  empty exerc ise.  
Without some d iscuss ion  and even t h e  coarsest  o f  design parameters, 
A t h i r d  and f i n a l  general i ssue t o  be considered concerns t h e  j o i n t  use of r e c -  
tenna s i t e s .  Various references t o  p o t e n t i a l  j o i n t  a g r i c u l t u r a l  uses of rectenna 
s i t e s  a r e  s p r i n k l e d  throughout t h e  l i t e r a t u r e .  The A r t h u r  D. L i t t l e  study, f o r  
example, has two such r e l a t e d  c r i t e r i a  i n  i t s  s i t i n g  c r i t e r i a  l i s t .  A b r i e f  
rev iew o f  the SPS l i t e r a t u r e  prov ides no general d e s c r i p t i o n  much l e s s  any spe- 
c i f i c  weatment o f  such j o i n t  b e n e f i c i a l  uses. What few references are  found 
a r e  e x p l i c i t l y  specu la t i ve  i n  nature.  A minor p o l i c y  d e c i s i o n  i s  r e q u i r e d  w i t h  
respec t  t o  the i n c l u s i o n  o f  such j o i n t  uses i n  any s i t i n g  eva lua t ion .  
a r e  t o  be included, some l i m i t e d  independent study i s  r e q u i r e d  t o  i n d i c a t e  t h e i r  
scope and requirements . 
If they 
SDec i f i c  Issues 
The c r e a t i o n  o f  a c r i t e r i a  l i s t  and i t s  a p p l i c a t i o n  t o  t h e  computer-mapping exer-  
c i s e  undertaken a t  Rice revealed a v a r i e t y  o f  s p e c i f i c  issues invo lved i n  s i t i n g  
which have no t  been resolved.  
reference concept do n o t  c o n t a i n  s u f f i c i e n t  i n f o r m a t i o n  t o  e s t a b l i s h  standards 
f o r  many of these c r i t e r i a .  
standards i s  t o  emerge from para1 1 e l  w h i t e  papers o r  subsequent s tudy e f f o r t s .  
Exhibit III-10 prov ides a b r i e f  l i s t  o f  these s p e c i f i c  issues, together  w i t h  per-  
ce ived sources of  r e s o l u t i o n .  
i n t e r f a c e  w i t h  another w h i t e  paper e f f o r t .  The obvious i m p l i c a t i o n  i s  t h a t  sub- 
sequent i n v e s t i g a t i o n s  should be more c l o s e l y  coord inated i n  those areas. 
The b r i e f i n g  documents which support  t h e  SPS 
I n  p a r t  t h i s  i s  because t h e  bas is  f o r  e s t a b l i s h i n g  
I n  some cases, t h e  source o f  r e s o l u t i o n  i s  an 
111-7. RECOMMENDATIONS FOR FURTHER STUDY AND INVESTIGATION 
Before under tak ing t h e  nex t  round o f  e v a l u a t i o n  on l a n d  use and s i t i n g ,  severa l  
steps should be taken t o  assure subs tan t ive  r e s u l t s :  
1. Resolve o r  I n i t i a t e  Resolut ion of General Issues 
For t h e  most p a r t ,  these a r e  issues t h a t  w i l l  n o t  go away. The sea s i t i n g  prob- 
lem and t h e  degree o f  adherence t o  t h e  re fe rence concept i n  t h e  face  of t h e  " j u s t  
a l i t t l e  more money" syndrome w i l l  con t inue t o  plague a l l  f u t u r e  s i t i n g  e f f o r t s .  
If r e s o l u t i o n  cannot be e f f e c t e d  p r i o r  t o  i n i t i a t i o n  o f  t h e  nex t  round o f  e v a l -  
ua t ion ,  then mi lestones and schedules should be s e t  so t h a t  answers a r e  a v a i l -  
ab le  t o  t h e  consul tants  w e l l  before t h e  f i n a l  r e p o r t s  a r e  due. 
2. Revie\! Rice Study F ind ings and Extend F m l y s i s  
The summarization and extens ion of t h e  Rice a n a l y s i s  presented i n  t h i s  paper i s  
l a r g e l y  i l l u s t r a t i v e  i n  na ture .  F i r s t  of a l l ,  t h e  number o f  combinations t e s t e d  
-1 04- 
I 
0 
v) = c , J W  0 L 
V 
.P 
E 
L 
a J a J  
a 
aJ " E  
c , L  a aJ+ 
e 3 0  
.I- v) c u e- L a  
0 0  
0 0'- u ccc 
r 
Q) .E 
?+ a 0  
€ e  
I 
0 
U 
I- =? 
w cz 
aJ m 
L a 
L r -  
I 
0 
O f  
- 0  cc 
+ 
-0 v, 
V 
LL 
V 
W 
v, 
I 
0 
I 
U 
U 
U 
0- 
r- 
U 
U 
U 
L 
m 
U 
I 
x 
W 
a 0  & .  
c , V m  
V a J a J  a L v  
P.I- L 
E U  3 
-I- 0 aJv) rcv)  
0 3I .L cz 
a 3 a J  u o w  
E O  v 
3 a ,  
0 4 -  
22 U v)- 
3 O'I- 
L 
. L  
a n  E 
naJ 
3 0 0  
V Z Z  
m c 
-I- aJ c 
E L 0  
c, 3 *I- r w c ,  
m a  a 
.I- L & 
3 
E a a 
un 
6aJ 
L V  
L e  
a, 
O L  
?U c,a 
-1 05- 
by Rice was i t s e l f  a rb i t r a r i l y  1 imited. 
of d a t a  r e l i ab i l i t y  and additional data gathering raised in the Rice report 
i t s e l f  which should be resolved before further extensive quantitative analysis 
i s  applied t o  t he i r  findings. 
Secondly, there are numerous questions 
I t  i s  clear t h a t  an extension of the computer analysis model t o  perform a 
dis t r ibut ive analysis as well as a simple quantitative derivation of total  
e l ig ib le  areas i s  in order. 
since even the existing d a t a  base could yield much more sensit ive information 
on the distributive effect  of various exclusion variables. 
This should probably be one of the f i r s t  p r ior i t ie?  
A t  t h i s  point, the Rice analysis i s  largely i l l u s t r a t ive  rather than  conclusive. 
The addition of gradients and the i r  analysis of the separable gradient e f fec t  
could be of significant value in those areas which are particularly sensit ive.  
For example, further refinement in b o t h  the d a t a  base and the analytic framework 
for  migratory fowl flyways i s  clearly indicated by the dras t ic  e f fec t  of th i s  
variable on the el igible  areas. 
Similarly, key excluded variables should be introduced into the analysis. 
notable among these are some more expl ic i t  treatment of microwave effects  on 
radio frequency interference and a i r  transportation. Conceptually, b o t h  these 
problems can be mapped and encoded. 
about  the potential impacts of the SPS microwave transmissions and further d a t a  
search. 
Most 
The key prerequisites are better information 
Clearly, one further extension of the Rice analysis which might be f ru i t fu l  would 
be t o  exercise the al ternat ive permutations more systematically. In the example 
selected by Rice, each variable was added to  the preceding variables in most 
cases. This masks, t o  some degree, the isolatable incremental impact of each 
variable which might be of some value. Obviously, the number of permutations i s  
too large t o  consider exhaustively. Nevertheless, even the 1 imited d a t a  availabl 
provides indications of which ones should be examined more closely,  e.g. national 
fores t s ,  land in cul t ivat ion,  and the climatological variables. 
3 .  Integrate and Compare Findings of Arthur D .  L i t t l e  Study 
Even t h o u g h  the study of e l ig ib le  areas in the Rice analysis i s  not  complete, i t  
does provide a useful basis for  comparison with the findings of the ongoing A. D .  
L i t t l e ,  Inc. s i t ing  study. The extent t o  which the conclusions t o  be drawn from 
these studies reinforce each other i s  i t s e l f  a matter o f  considerable importance 
t o  future s i t ing research. Similarly, a superimposition of the s i t e s  selected 
in the A. D. L i t t l e  study over the various exclusion areas defined in the Rice 
study should prove o f  considerable value. 
4.  Resolve Specific Cri ter ia  Issues 
Some of the questions regarding specific c r i t e r i a  may become moot as a resu l t  of 
the Rice study. 
additional refinement e f fo r t  i s  n o t  j u s t i f i ed .  Many issues will remain, inclu- 
ding a t  least  some of the climatological issues,  e .g . ,  wind, thunderstorms, e t c .  
I f  a variable has l i t t l e  e f fec t  on the ava i lab i l i ty  of s i t e s ,  
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Another round o f  eva lua t i on  w i t h o u t  some parameters t o  a t t a c h  t o  these and o t h e r  
unresolved c r i t e r i a  w i l l  be i n e v i t a b l y  wasteful .  
5. Specify Level of I n t e g r a t i o n  of Fu r the r  S i t i n g  Studies With Other 
Eva lua t ion  Ef for ts  
This  s tep i s  p a r t i c u l a r l y  impor tan t  w i t h  regard  t o  f u r t h e r  s tud ies  i n  the  area 
o f  u t i l i t y  i n t e g r a t i o n  and s t a t e  and l o c a l  r e g u l a t i o n .  Loca t iona l  f a c t o r s  and 
s i t i n g  c r i t e r i a  a re  i n t r i n s i c  t o  a l l  three e v a l u a t i o n  e f f o r t s  and much da ta  
c o l l e c t i o n  over laps.  Re1 i a b i l i t y  and r e g i o n a l i z a t i o n  a r e  bo th  key issues which 
may e x e r t  a profound e f fec t  on s i t i n g .  The r e l i a b i l i t y  i ssue  i n  p a r t i c u l a r  may 
be a "showstopper" if the  SPS i s  e x p l i c i t l y  sub jec t  t o  s i n g l e - p o i n t  f a i l u r e .  
While both s i t i n g  and s t a t e  and l o c a l  r e g u l a t i o n  e f f o r t s  must be concerned w i t h  
t h i s ,  any r e s o l u t i o n  must come f rom t h e  i n t e r a c t i o n  of t he  u t i l i t y  i n t e g r a t i o n  
e f f o r t  w i t h  NASA design. 
REFERENCES TO SECTION 111: LAND USE 
1. 
2. 
3 .  
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
Chapman, Philip, Arthur D. Little Inc. , perscnal communications, July 1978. 
ECON, Inc., Political and Legal Implications of Developing and Operating a 
Sate1 1 i te Power System, 77-1 95-1 , August 1977. 
Glaser, Peter, Arthur D. Little Inc., personal conunications, July 1978. 
Gregory, D.L. , The Boeing Aerospace Company, Space Solar Power and Our 
Energy/Economic Crisis, undated. 
Little, Arthur D. , Inc. , "Rectenna Siting Requirements," briefing prepared 
for NASA/MSFC , 1978 (undated chart). 
NASA/MSFC, Candidate Locations for SPS Rectifying Antennas , (prepared by 
Anne W. Eberhardt), NASA TM-73 146, November 1977. 
U.S. Department of Commerce, Office of Telecommunications, and Institute 
for Teleconunication Sciences, Applied Electromagnetic Science Division, 
Congested Region Performance Predictions and Model Development Group, 
Electromagnetic Compatibility, Tropospheric-and Ionospheric Aspects of 
SPS MPTS Operations, (Preliminary Study), (prepared for Pacific Northwest 
Laboratory (Battell e ) , PNL-2616 , UC-97a, March 1978. 
Vogt, D.P., P.L. Rice, and V.P. Pai, Energy Availabilities for State and 
Local Development: Projected Energy Patterns for 1980 and 1985, ORNLI 
TM-5890/S4, Oak Ridge National Laboratory, Oak Ridge, Tennessee, June 1978. 
The Western Interstate Nuclear Board, Regional Factors in Planning and 
Siting Electrical Energy Facilities in the Western States, (prepared for 
the U.S.  Nuclear Regulatory Commission, Office o f  Standards Development) , 
(49-24)-0249 , (Lakewood , Colorado) , Apri 1 5 , 1977. 
Winer, B., Arthur D. Little, Inc., Impacts and Benefits of a Satellite 
Power System on the Electric Utility Industry, Final Report, July 1977. 
Blackburn, James B. Jr., and Bavinger, Bill A., Satellite Power System 
Receiving Antenna Siting Study, Mapping of Exclusion Areas, Rice University 
School of Architecture and Space Solar Power Research Program, Houston, 
Texas, October 1 , 1978. 
-1 08- 
REVIEW OF SELECTED MATERIALS 
Presented below, i n  a lphabe t i ca l  o rder ,  i s  a b r i e f  d i scuss ion  o f  some o f  t h e  
problems encountered w i t h  some of t he  s p e c i f i c  m a t e r i a l s .  I n  the  i n t e r e s t  o f  
b r e v i t y ,  t h e  body o f  t h e  t e x t  d i d  n o t  present f u l l y  t he  process by which pro- 
duc t i on  and capac i t y  est imates were der ived  and some aspects o f  t h e  d e f i n i t i o n a l  
problems. On t h e  o t h e r  hand, t h i s  in fo rmat ion  i s  c l e a r l y  r e l e v a n t  i f  t h e  pre- 
1 im ina ry  c l a s s i f i c a t i o n  scheme i s  t o  be understood and apprec ia ted .  Consequently, 
b r i e f  d iscuss ion  o f  t h i s  t ype  a re  presented below f o r  se lec ted  types o f  mater- 
i a l  s. 
A1 uminum and Baux i te  
A l a r g e  p r o p o r t i o n  o f  t h e  baux i te  o r e  i s  imported. 
and A u s t r a l i a  which are considered r e l i a b l e .  
Arsenic 
Major sources a r e  Jamaica 
(References 5, 9, and 21 .) 
The a rsen ic  requ i red  f o r  s o l a r  c e l l  purpcses would be a h i g h  p u r i t y  grade. 
Domestic p roduc t ion  capac i t y  shown i n  the t a b l e  i s  b a s i c a l l y  t h a t  o f  a by-prod- 
u c t  i n  t h e  smel t ing  and r e f i n i n g  o f  ores f o r  o t h e r  metals,  i n  which arsen ic  
would be considered an i m p u r i t y .  Data i s  n o t  a v a i l a b l e  f o r  t h e  c a p a c i t i e s  o r  
p roduc t ion  o f  h igh p u r i t y  arsenic .  Because o f  t he  l i m i t e d  number o f  products 
i n  the  Un i ted  States,  p roduc t ion  data are w i t h h e l d  i n  o rde r  t o  p r o t e c t  company 
c o n f i d e n t i a l i t y .  Also,  environmental pressure groups a r e  c o n t r i b u t i n g  t o  some 
r e s t r i c t i o n  o f  t he  expansion o f  capaci ty .  A r e c e n t l y  pub l i shed research study 
p r o j e c t s  h igh  p u r i t y  a rsen ic  p roduc t ion  i n  the  year  2000 t o  be 23 m e t r i c  tons. 
(References 10 and 22.) 
Gal 1 ium 
Gal l ium produc t ion  r e s u l t s  e n t i r e l y  as a by-product o f  t he  processing o f  o t h e r  
metals,  p a r t i c u l a r l y  aluminum and z inc.  It i s  found i n  minute p ropor t i ons  i n  
b a u x i t e  and z i n c  ores. 
t o  0.004 percent.  Thus, based on known baux i te  reserves i n  t h e  U.S., a t o t a l  
of 2,000 m e t r i c  tons may be ob ta ined from them. The Bureauof Mines a l s o  e s t i -  
mates t h a t  known U.S. z i n c  resources may c o n t a i n  an addi tonal  700 m e t r i c  tons. 
World reserves o f  both a r e  est imated t o  con ta in  approximately 112,000 m e t r i c  
tons. 
p resent  concept would r e q u i r e  65,580 m e t r i c  tons o r  59% o f  a l l  p r e s e n t l y  known 
wor ld  reserves. 
I t s  recovery r a t i o  from b a u x i t e  may range from 0.002 
System requirements over a 30-year pe r iod  f o r  t h e  SPS program i n  i t s  
Actual  p roduc t i on  da ta  i s  n o t  ava i l ab le .  
Un i ted  Sta tes  and probably about 10 more sca t te red  throughout t h e  non-comnunist 
wor ld .  To ta l  wor ld  p roduc t ion  i n  1974 i s  est imated t o  have been about 15 m e t r i c  
tons. U.S. supp l ies  have been augmented by impor ts  f rom Canadian and Swiss 
sources who a re  repo r ted  t o  have produced approximately 10 m e t r i c  tons i n  1973. 
U.S. consumption of t h e  metal du r ing  the four -year  p e r i o d  1972-1976 i s  est imated 
t o  have grown a t  an average annual r a t e  o f  about 12.04 percent.  The r e s t  o f  
t h e  w o r l d  i s  est imated t o  have used about 5.5 tons i n  1973 and i f  i t s  consumption 
r a t e  grew a t  a comparable r a t e  u n t i l  1976, t o t a l  wor ld  consumption i n  t h a t  year  
There a r e  o n l y  two producers i n  t h e  
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i s  est imated t o  have been about 15.75 tons. 
Gal l ium i s  used l a r g e l y  i n  t h e  ins t rumenta t ion  i n d u s t r y  as a superconductor. 
Other users a re  i n  t h e  denta l  i n d u s t r y  as a s u b s t i t u t e  f o r  mercury and as m i r r o r  
c o a t i n g  i n  t h e  o p t i c a l  i n d u s t r y .  These uses f o r  g a l l i u m  a r e  expected t o  con- 
t i n u e .  
est imated f o r  t h e  year  2000 a t  a probable l e v e l  o f  47 m e t r i c  tons per  year  and 
h i g h  l e v e l  of 63 m e t r i c  tons.  Comparable U.S. demand was f o r e c a s t  t o  be 32 
m e t r i c  tons and 43 m e t r i c  tons.  Obviously, SPS requirements would be a d d i t i o n a l .  
Supply problems c o u l d  be exacerbated i f  r e f i n i n g  processes a r e  developed t o  
permi t  economic use o f  k a o l i n  as a s u b s t i t u t e  f o r  b a u x i t e  i n  aluminum product ion.  
Then t h e  bu lk  m a t e r i a l  f o r  g a l l i u m  produc t ion  would d e c l i n e  i n  a v a i l a b i l i t y .  
(References 9, 10, 22, and 23). 
I n  a f o r e c a s t  prepared i n  1974 by t h e  Bureau o f  Mines, w o r l d  demand was 
G1 ass 
The g lass  manufactur ing i n d u s t r y  i n  t h e  Un i ted  States i s  q u i t e  i m e n s e  and 
probably  has no p a r t i c u l a r  shortages o f  domestic source m a t e r i a l s  f o r  any type  
o f  g lass.  
c a t e  g lass  o f  h i g h  p u r i t y .  Current  l e v e l s  o f  p roduc t ion  f o r  t h i s  product  have 
n o t  been i d e n t i f i e d .  A v a i l a b l e  p roduc t ion  p r o j e c t s  f o r  t h e  year  2000 f o r  t h i s  
product  i s  29,000 m e t r i c  tons per  year .  SPS needs w i l l  f a r  exceed t h a t  l e v e l .  
Therefore added c a p a c i t y  t o  produce b o r o s i l i c a t e  g lass  w i l l  be needed. 
expected t h a t  t h e r e  w i l l  be no shortage o f  raw o r  b u l k  m a t e r i a l s .  (Reference 10.) 
However, t h e  t y p e  o f  g lass  planned f o r  t h i s  a p p l i c a t i o n  i s  b o r o s i l i -  
I t  i s  
Graohi te  and Graohi te  EDOXV 
Graphi te  epoxy est imated t o  be approx imate ly  75 percent  g r a p h i t e  p l u s  epoxy 
r e s i n  as a b ind ing  compound. Personal i n t e r v i e w s  w i t h  space s c i e n t i s t s  i n d i c a t e  
t h a t  t h e  graph i te  i n  g r a p h i t e  epoxy i s  a s y n t h e t i c  m a t e r i a l  produced from rayon 
f i b e r s  r a t h e r  than n a t u r a l  g r a p h i t e .  Those f i b e r s  a r e  baked. The process a l s o  
permi ts  them t o  a l i g n  i n  t h e  same d i r e c t i o n .  
b e t t e r  c o n t r o l  o f  g r a i n  r e g u l a r i t y  than would a n a t u r a l  g r a p h i t e  f i b e r .  
a r e  n o t  a v a i l a b l e  on i t s  manufacture. 
be assumed, however, t h a t  t h e r e  would be no shortages o f  t h i s  bas ic  f o r e s t  
product  f i b e r .  If, however, n a t u r a l  g r a p h i t e  f i b e r s  a r e  in tended f o r  use i n  
t h e  SPS, t h e  s i t u a t i o n  would be q u i t e  d i f f e r e n t .  
a r e  repor ted  as " i n s i g n i f i c a n t "  by the  Bureau of Mines' g r a p h i t e  s p e c i a l i s t s .  
I n  1977 t h e  Uni ted States imported a t o t a l  o f  79,400 m e t r i c  tons o f  g r a p h i t e  
from a l l  sources. 
i n a t e d  i n  Flexico; approx imate ly  4,000 m e t r i c  tons o f  c r y s t a l l i n e  f l a k e  was from 
Malagasy; and 2,168 m e t r i c  tons o f  a r t i f i c i a l  g r a p h i t e  came f rom Japan. I f  
The s y n t h e t i c  f i b e r  may p e r m i t  
Data 
The technology i s  r e l a t i v e l y  new. I t may 
Domestic resources o f  g r a p h i t e  
O f  t h i s  t o t a l ,  54,900 m e t r i c  tons of amorphous g r a p h i t e  o r i g -  
f i b e r s  f rom 
t i c u l a r ,  t h e  
jeopard ized.  
f o r  SPS l e v e  
and 12. )  
hose products  a r e  s u i t a b l e  f o r  SPS s t r u c t u r e s '  design, '  i n  par-  
Mexican product,  adequate f u t u r e  supply  i s  n o t  expected t o  be 
s o f  incremental  demand f o r  more than 30 years.  
Known resources a r e  descr ibed as "very  l a r g e  t o  huge" and s u f f i c i e n .  
(References 7, 10, 
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Hydrogen 
There a re  o n l y  f o u r  p l a n t s  i n  the  Uni ted States which c u r r e n t l y  produce hydro- 
gen. Those operate a t  approximately 66.7 percent  l oad  f a c t o r .  Also,  t he re  are  
o the r  f a c i l i t i e s ,  now o u t  of operat ion,  which cou ld  be res to red  t o  p roduc t ion  
w i th  minimal re fu rb i sh ing .  
t o  expand i n d u s t r i a l  capac i t y  t o  the  l e v e l s  of demand i n d i c a t e d  by incremental  
purchases f o r  SPS needs. That i s  no t  a problem and t h e  added f a c i l i t i e s  would 
be ab le  t o  operate a t  s u b s t a n t i a l l y  h igher  l e v e l s  o f  e f f i c i e n c y .  The o n l y  
problem may be reduced supp l ies  of na tu ra l  gas (methane) as a raw m a t e r i a l .  
Given t h e  methane, hydrogen supply i s  no t  a problem. 
I t  would probably need about f i v e  years o f  l ead  t ime 
(References 2 and 25.) 
Mercury 
The Un i ted  States,  f o r  many years, has been a s u b s t a n t i a l  n e t  impor te r  o f  
mercury. I n  1977 impor ts  represented 48.4 percent  o f  t o t a l  supply.  I n  1974 
impor ts  were as h igh  as 96.8 percent  o f  t o t a l  supply no tw i ths tand ing  the  f a c t  
t h a t  average p r i ces  f o r  t h e  metal  were more than tw ice  as h igh  i n  t h e  e a r l i e r  
year.  The recent  reduc t i on  i n  n e t  imports may p o s s i b l y  be expla ined by the  
opening o f  a new depos i t  i n  Nevada. 
89 percent  o f  t o t a l  known U.S. reserves (15,525 m e t r i c  tons i n  1974). To ta l  
U.S. consumption o f  mercury du r ing  t h e  10-year p e r i o d  (1968-1977) was 21,034 
m e t r i c  tons  o r  35.5 percent  g rea te r  than known 1974 reserves. 
average annual consumption leve ls ,  t o t a l  domestic reserves migh t  s a t i s f y  s l  i g h t l y  
more than seven years'consumption l e v e l s ,  n o t  i n c l u d i n g  SPS needs. Domestic 
resources a re  o n l y  tw ice  t h e  known reserves. Other known Nor th American 
reserves and resources i n  1974 amounted t o  12,765 m e t r i c  tons and 37,950 m e t r i c  
tons  respec t i ve l y .  I n  t h e  past ,  Canada has been a pr ime impor t  source f o r  
mercury. This  count ry  reduced shipments i n  1976 t o  l e s s  than 9 percent  o f  
impor ts .  Other expor t i ng  coun t r i es  a lso reduced shipments because o f  dec l  i n i n g  
p r i c e s  du r ing  t h e  past  two years. 
(18 percent ) ,  Spain and Yugoslavia (12 percent  each), and t h e  People 's Republ ic 
o f  China (10 percent) .  
reserves w i t h  68,900 m e t r i c  tons o r  38 percent  of  a l l  reserves. (References 5, 
6, 22, and 23.) 
This depos i t  c la ims reserves amounting t o  
Thus, a t  recent  
Other impor t  sources i n  1976 were A l g e r i a  
Spain cont inues t o  ho ld  the  l a r g e s t  share o f  wor ld  
Oxygen 
Raw m a t e r i a l  source i s  u n l i m i t e d  i n  the atmosphere. 
s u b s t a n t i a l l y  below capac i ty .  
n o t  pose any problem beyond t h e  l ead  t ime f o r  cons t ruc t i on .  
I ndus t r y ,  now opera t ing  
I f  a d d i t i o n a l  capac i t y  i s  needed, t h i s  should 
S i l i c o n ,  M e t a l l u r g i c a l  and High P u r i t y  Grades 
The m a t e r i a l s  needed t o  produce s i l i c o n  a r e  abundant ly ava i l ab le .  Any problems 
which migh t  occur w i l l  more l i k e l y  r e s u l t  from the  h igh  p u r i t y  con ten t  requ i re -  
ment. The produc t ion  f i gu res  i n  E x h i b i t  1-2 represent  m e t a l l u r g i c a l  grade 
s i l i c o n  r e f i n e d  i n  1977. 
was produced. 
I n  a d d i t i o n  t o  t h a t ,  about 800,000 tons o f  f e r r o s i l i c o n  
F e r r o s i l i c o n  requ i res  some added r e f i n i n g  t o  be converted t o  
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metallurgical grade. 
processing. Current solar cel l  quali ty s i l icon i s  not as pure as t h a t  needed 
for  integrated ci rcui tsswhich sometimes use rejected el ectronic-grade product. 
1977 production of h i g h  purity s i l icon was 800 metric tons. Capacity for  this  
grade i s  approximately 1,200 metric tons per year, and current supply i s  exces- 
sive. The process i s  both capital and energy intensive. Bringing a new plant 
on-stream takes about three years. 
purity production will not be a problem from the materials avai labi l i ty  view- 
point. Also, exploration i s  now being intensified for  higher purity ores which 
would require less  refining. Capacity t o  produce metallurgical grade s i l icon 
i s  expected t o  increase t o  about 200,000 metric tons per year by the year 2000. 
This represents a capacity increase of about 80 percent over existing levels.  
(References 10, 18, and 21 . )  
High purity si1 icon (electronic grade) needs even more 
Given suff ic ient  lead time added h i g h  
S i  1 ver 
The data for domestic production capacity i s  tha t  for  U.S. mines i n  1974. 
may have been expanded as a resul t  of s i l ve r  comnodity price increases from 
$3.00-$4.00 per ounce to  recent prices of $5.00-$6.00. Refinery capacity i n  the 
United States i n  1974 was 3,266 metric tons and was expected t o  increase to  
4,977 metric tons by 1980. 
price sensit ive and  probably ex is t s  i n  unknown substantial quantit ies i n  pri- 
vately owned hoards and collections.  
9,481 metric tons, which i s  only about three times annual demand i n  the gallium 
option (3,112 metric tons).  
This 
Additional supplies of domestic s i l ve r  may also be 
World production of s i l ve r  i n  1976 was 
The 30-year proposed program would consume approximately half of the known U.S. 
mine resources i n  1974 and twice the known reserves. U.S. reserves and 
resources are estimated to  be about 25 percent of world supplies. 
Tef 1 on 
Teflon is  a proprietary synthetic resin product and probably i s  manufactured to  
volumes large enough t o  sa t i s fy  currently anticipated demands. 
contents such as coal,  f luorspar,  natural gas, s a l t ,  sulphur, and limestone are  
abundantly available. 
be quite feasible for  industry t o  expand i t s  production capacity in order to  
sat isfy SPS incremental needs. (References 9 and 10.) 
Raw material 
As demand for  this product becomes confirmed i t  should 
Tungsten 
The United States consumed nearly two and one-half times i t s  domestic production 
of tungsten concentrates i n  1977. 
as production (3,105 metric tons) .  
imports plus production were made u p  by releases from the Federal stockpile,  
now i n  the process of reduction. 
import requirements m i g h t  have amounted t o  4,580 metric tons. This would have 
equalled 5.76 percent of world production outside the U.S. (79,500 metric tons).  
Nearly half o f  t h a t  production occurred i n  three communist-ruled countries: 
Imports, however, were only about the same 
Differences between consumption and net 
If not fo r  this  process of stockpile release,  
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USSR 16,326 M.T. ( e s t . )  
China 17,959 
Nor th  Korea 4,299 
Tota l  38,584 M.T. 
Major sources o f  imported concentrate i n  1976 were: Canada, 22%; Peru, 18%; 
B o l i v i a ,  12%; Thailand, 10%; Por tugal ,  9%; Mexico, 9%; China, 8%; South Korea, 
5%; and A u s t r a l i a ,  4%. 
Using 1975 as a base year,  t h e  l a s t  year f o r  which produc t ion  da ta  f o r  a l l  
c o u n t r i e s  i s  a v a i l a b l e ,  t o t a l  f o r  a l l  countr ies,excluding t h e  t h r e e  communist 
c o u n t r i e s  and t h e  Un i ted  States,was ( i n  equ iva len t  terms t o  values publ ished a t  
60 percent  \IO3 metal con ten t )  37,921 m e t r i c  tons.  
1975 f o r  those c o u n t r i e s  f rom which the U.S. had imported ( n o t  i n c l u d i n g  China) 
were 23,656 m e t r i c  tons.  
amounted t o  12.1 percent (4,580:37,921) and 19.4 percent  (4,580:23,656), respect -  
i v e l y .  I f  incremental  q u a n t i t i e s  r e q u i r e d  by t h e  SPS (1,220 m e t r i c  tons)  a r e  
inc luded,  those r a t i o s  would be increased t o  15.3 percent  and 24.5 percent  o f  
t h e  t o t a l  product ion f rom our  c u r r e n t  non-communist t r a d i n g  par tners .  
The produc t ion  t o t a l s  f o r  
The 1977 produc t ion  d e f i c i t  i n  t h e  U n i t e d  States 
Thus, i t  i s  conceivable t h a t  unless new resources a r e  i d e n t i f i e d  i n  s t a b l e  and 
r e 1  i a b l  e supply count r ies ,  a r e a l  p o t e n t i  a1 problem may be encountered. 
(References 5, 6, 16, 20, 21, 22, and 23.) 
A-5 
1 m 
0) 
0 c VI
- 
c 
- m m -  
- m o w  
3ouo 
L L  
0 a # -  
c V I v -  
c 0 c- m - u a  a m -  O - a ~  L O -  
v o a u  3 v o  
- . -  
5 m o  
J 
4 
x 
H 
c3 
0 
J 
0 
I 
I- 
H 
I 
- L  
S I  4 u
c 
c 
i9 
>.. 
U 
Y mnc 
J H V V  . H - c  
a - e m u  
Y I L E C  
: f 8 k # E  
c m a , w w  
Y I  
> C V  
I c- 
- Q O  
U C . -  
a o m  
? u r n  
Y 
m a
C .  
Y V I  L 
0 .  =a 
I r u u v  
u 0 0 0  
L.C 
S f S  
a - w  
I 
I 
I In ", 
3 
c 
U 
L U
U 0
w 
- 
c 
Y 
b l  I
E -  
-VI 
e; 
C 0
I -  U 
m a  
V I E  a -  
zo,: o-u 
B-1 
L 
r , W L  
- c m  
0 c al- 
al .c - 
C U W O O  - .- .c v .- 
m - Y  c 
Y l  L a  
n E r , w  L 
3-0 a 
W 
0 L
v, 
w 
v, 
>- 
W e 
0 r
L 
m -  
O S T O  
L U  
Y C E  
a w -  
c m  
>- a cr: 
W z 
W 
W 
0 - 
n 
w 
I 
v, 
U 
=-, 
Y 
w, 
Y 
!= 
W 
L 
W cc 
W cz 
.. 
L L  
0 
"l 
W 
- 
a 
U W 
V 
L 
3 
0 
v, 
L 
- 1 0  
.u-- 
5'55: 
I 
B-2 
GENERAL REFERENCES TO SPS 
~~ 
SI. 
s2. 
s3. 
s4. 
s5. 
S6. 
s7. 
SC . 
s9. 
s10. 
s11. 
s12. 
513. 
Boeing Aerospace Company, Solar Power Satellite, System Definition Study, 
Parts I and 11, Vols. 11-VI, December 1971, (I-256)*. 
Boeing Aerospace Company and NASA/JSC, SPS Concept Eva1 uation Program, 
January 25, 1978, (1-28.3). 
Boeing/G.E., SPS System Definition Study (Part 111); Preferred Concept 
Definition, March 1978, (1-28). 
, SPS System Definition Study (Part 111); Final Briefing, 
March 7, 1978, (1-28.3). 
Clark, Wilson, Energy for Survival, The Alternative to Extinction, Anchor 
Books, Garden City, New York, 1974. 
DOE/ET, SPS Concept Development and Evaluation Program Plan (July 1977- 
August 19801, DOE/ET-0034 , February 1978. 
DOE/NASA, SPS Concept Evaluation Program Plan (July 1977-August 1980), 
MSFC-76-PA-4000-491 , January 1978. 
FASST News, "The Issues Behind Solar Power Satellites," Vol . 7, Nos. 1 i 2 , I 
hinter-Spring 1978. I 
Glaser, Peter, Arthur D. Little Inc., personal conunications, July 1978. 1 
International Technical Services, Inc., An Overview of Prospective Organ- 
izational Structwes in the Solar Power Satellite Field, Draft repcrts 
for Task I, Subtask 3, and Task 11, Subtask 3, (prepared for Argonne 
National Laboratory, Argonne, I11 inois, Contract No. 31 -109-38-4387) , 
Arlington, Virginia, June 30 and July 3, 1978. 
Jet Propulsion Laboratory, Satell ite Power System. (SPS) Microwave Subsystem 
Impacts and Benefits , (prepared by Richard M. Dickinson , Radio Frequency 
and Microwave Subsystems Section, Telecomnunications Science and Engi- 
neering Division), California Institute o f  Technology, Pasadena, Cali- 
fornia, September 28, 1977. 
Library of Congress , Congressional Research Service, Solar Energy From 
Space: Sate1;ite Power Stations, (prepared by Marcia S. Smith, Science 
Pol icy Research Division), Issue Brief Number JB78012, Update 06/23/78, 
Originated 02/14/78. 
NASA/JPL, Sate1 1 ite Power System Environmental Impacts -- Preliminary 
Assessment, (prepared by Floyd R. Livingston), May 12 ,  1978, (1-24). 
* Reference codes used in PRC/ANL bibliography distributed June 1978. 
- 
s-1 
GENERAL REFERENCES TO SPS 
(Continued) 
S14. 
515. 
S16. 
517. 
518. 
s19. 
520. 
s21. 
NASA/MSFC , Pre l  im inary  Basel i n e  SPS Concept Recomendations t o  DOE/NASA, 
January 24, 1978, (1-43). 
NASA, MSFC-JSC, So la r  Power S a t e l l i t e  Basel i n e  Review (Pre l im inary )  , 
J u l y  13, 1978. 
Planning Research Corporation, Charles E. Bloomquist, A Survey of S a t e l l i t e  
Power S ta t i ons  , DSE/2071-1 , September 1976, (1-161 ) . 
PRC Energy Ana lys is  Company, I n t e r i m  Environmental Guide1 ines f o r  S a t e l l i t e  
Power System (SPS) Concept Development and Eva lua t ion  - I t e r a t i o n  2, 
-(prepared f o r  t he  Department o f  Energy, O f f i c e  o f  Energy Research, 
Associate D i r e c t o r  f o r  Research Pol i c y ,  SPS P r o j e c t  O f f i c e )  , June 1978, 
( 1-41 ) . 
Rockwell I n t e r n a t i o n a l  , S a t e l l i t e  Power Systems (SPS) Concept D e f i n i t i o n  
Study, SPS System Requirements, F i n a l  Report, Vols. 11-VII, A p r i l  1976. 
Smith, Marcia S. , Research Analyst ,  L i b r a r y  o f  Congress, Congressional 
Research Service, personal comun ica t i ons  , J u l y  1978. 
U.S. House o f  Representatives, So la r  S a t e l l i t e  Power System Concepts, 
Hearings before the  Subcomnittee on Space Science and A p p l i c a t i o n  and 
t h e  Subcomnittee on Energy Research, Development and Demonstration of 
t h e  Comnittee on Science and Technology, 94th Congress, Second Session 
No. 67, February 20, 1976. 
U n i v e r s i t i e s  Space Research Assoc ia t ion ,  Report o f  t h e  Solar-Power Satel  1 i t i  
Task Group, (Houston, Texas) , March 1978. 
s-2 
